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description of the functioning principles of peripheral portions of
the vestibular analyzer, to the stimulation of the activities of the
oculomotor apparatus, to the mathematical treatment of rhythmic
changes of neurons in various regions of the cortex and subcortical
formations of the brain with adequate stimulation of the vestibular
apparatus.

The book relied upon the scientific research of physiologists,
otolaryngologist-doctors and engineers, occupied with the questions
of the stimulation of physiological functions.

Editorial Board

Academician V. N. Chernigovskiy (Editor-in-Chief),
Academician B. Ye. Bykhovskiy, Yu. M. Volynkin,
Coresponding Member, Academy of Sciences USSR 0. G. Gazenko
(Asst. Editor-in-Chief),
Prof. A. M. Genin, Academician Ye. M. Kreps,
Academician V. V., Parin, Academician G. M. Frank,
E. F. Panchenkova (Secretary)

Editor of this Volume
Academician V. V. Parin

o,
S

Numbers in the margin indicate pagination in the foreign text.

idi

/4

ata
w







TABLE OF CONTENTS

FOREWORD . . ittt ittt it ittt et tnne s s eseaennennnneesanennenans

CHAPTER I. FUNCTIONAL MORPHOLOGY, BIOPHYSICS AND PHYSIOLOGY
OF VESTIBULAR RECEPTORS. ... ..ttt iiiiicnnnenn.
Functional Morphology..... ..ot iiiiiniiiniinnnnnnns

Concise Information of Phylogenesis, Onto-
genesis and Anatomy of the Internal Ear.....

Brief Morphological Information on the
Structures of the Sensory Epithelium of

the Vestibular ApparatuS......eeereeeeeeenns

Chemical Composition and Biophysics of the
Labyrinth Fluids.. ..o o ettt iinneneanas

The Physiology of Vestibular Receptors............
Microphone Effect. . .vieee et inineeeneieneennn
Potentials of Receptor Elements and Their

Change Under the Action of Altermnating
Linear AccelerationsS.... oot ieinnenennns

CHAPTER II.MECHANICS OF THE VESTIBULAR APPARATUS AND THE
PHYSIOLOGY OF THE VESTIBULAR NERVE................

Brief Information on the Anatomy of the
Vestibular Nerve . . ... it e e et i ee e eie st e

Mechanics of the Semicircular Canals and
Physiology of the Ampullar Nerve..................

The Mechanics of the Otoliths of the Physiology
of the Otolith Nerve........ ...

The Semicircular Canals and the Otolith Organs..
The Efferent System of the Vestibular Nerve.......
CHAPTER III.THE VESTIBULAR NUCLEI...... ..t

Brief Information on the Anatomy and Cyto-
architectonics of the Vestibular Nuclei...........

Internal Organization of the Vestibular Nuclei..

11

17

22

28

33

39

39

42



Reactions of the Neurons of Vestibular Nuclei

to Adequate Stimulation of the Vestibular

Apparatus, the Double Work of the Vestibular
Apparatus..........ciiiiiennn et e 91

Responses of Neurons of the Vestibular
Nuclei to Angular Accelerations.............. 91

Responses of Neurons of the Vestibular
Nuclei to Inclinations and Alternating

Linear Accelerations..... e 120

CHAPTER IV.THE VESTIBULO-OCULOMOTOR REFLECTOR ARC............ 131
Structure of the Oculomotor Apparatus (OMA)....... 131

MOPPhOLOE Y« v vt veeee e ss et tsaeannonnsnsans 131

Two Motor Systems of the Oculomotor
Apparatus of Higher Animals.................. 133

A Model of Direction by the Oculomotor
APPAratUS . v ot ittt ie it ennnennns s c.... 138

Functional Connections of the OMA with the
Vestibular Apparatus......... e e 143

Nerve Connections of the Vestibular Nuclel
with Nuclei of the External Ocular Muscles... 143

Nerve Connections of Specific Semicircular
Canals with External Ocnlar Muscles.......... 145

Reactions of the Neurons of the Nuc.

Abducens to Adequate Stimulation of the
Semicircular CanalsS....ceceeenuseens et e 149
The Slow and Fast Components of Nystagmus.... 151
Mechanisms of Central Compensation of the
Vestibular Function after Unilateral

Labyrinthectomy. .o veeevieieenaenns e 158

CHAPTER V. CONNECTIONS OF THE LABYRINTH WITH THE SPINAL CORD. 175

Morphology. ... vvviiiiiinennn et 175

vi



Lo R = o T I X 2
Vestibulo-Spinal Influences.......ovcviveeean

Sinovestibular InfluencCesS...ueoeesoeeosonsonns

CHAPTER VI.CONNECTIONS OF THE LABYRINTH WITH THE CEREBELLUM..
Morphology . « v ittt i i e ettt i i

PhysT10T10gY .. ittt ittt eieneenenoannns
Vestibulo-Cerebellar Influences..........c...

Cerebello-Vestibular Influences.......voioea..

CHAPTER VII.VESTIBULAR INFLUENCES ON THE VEGETATIVE
NERVOUS SYSTEM. .. i e i it e e

Connection of the Labyrinth with the Para-
sympathetic Portion of the Nervous System.........

The Significance of the Limbic System in

the Activation of the Parasympathetic

Nervous System with Stimulation of the
Labyrinth. ..ttt ittt i tneeneeeneaennnnas

Change of Impulse Activity of the Respira-
tory Neurons with Action of Alternate

Linear Accelerations.......oiiiiitennaneanns
Connection of the Labyrinth with the
Sympathetic Portion of the Nervous

EE = = 1

CHAPTER VIII.CONNECTIONS OF THE LABYRINTH WITH THE
RETICULAR FORMATION. ..o ittt ittt i ineenanns

MOrphoTlogy . . v v it ittt et e ittt aeaans
PhyST0Tl0gy ..ottt i it ittt et ennta e

Vestibular Influences on the Reticular
Formation.e e e e o eeeeeeesososeeansseesessossonaos

The Influence of the Reticular Formation
on the Vestibular Nuclei...iieiieioseenneeona

vii



CHAPTER IX

.CONNECTIONS OF THE LABYRINTH WITH THE CEREBRAL

CORTEX . ittt ittt it ettt te i tseaeenennennnnonsas 239

The Cortical Projection of the Vestibular
L T T 74 - S 239

Reactions of Various Regions of the Cortex
in the Subcortical Formation to Adequate Stimu-
lation of the Vestibular Apparatus................ 243

Changes in Summary Bioelectrical Activity

of the Cortex of the Cerebral Hemispheres

and Several Subcortical Formations with the

Action of Angular AcceleratioN.......v.eeeeue.: 243

Change in the Activity of Single Neurons

of Several Regions of the Cortex of the

Cerebral Hemispheres and Subcortical Form-

ations with the Action of Alternating

Linear AccelerationsS.....oeuietiennennneeneennnn 262

Convergence of Vestibular Afference of Signals
and Afferent Signals of Other Origins on Cort-

TCAT NEUFONS o ittt it it ittt e ettt een e 270
CHAPTER X. CORRELATIONAL STEREOTAXIC RELATIONS BETWEEN
VARIOUS ORIENTATION SYSTEMS IN THE HUMAN HEAD..... 276
The Head of Man and the Higher Vertebrate
Animals as the Bearer of Basic Orientation Systems 276
The Conception of the Anatomo-Physiological
Center of the Skull in the Central Nervous
System of Man. . ... .. i e 278
Preconception of Anatomo-Physiological Center
of Man in the Phylo- and Ontogenetic Aspect... 286
Structural Functional Stereotaxic Bases
Of Labyrinthology . o oo teee s einnseenonennnss 301
A Single Stereotaxic Functional Zero Reference
System for the Skull, Head and Central Nervous
System of Man. . ... ...ttt 288
CONCLUSTION . & ottt et e e e e s et e et et ettt e e 295
BIBLIOGRAPHY . o it ettt et s et ettt e 209

viii



i

"Nature is not aware of our /5
divisions of sciences. It is one.
This signifies, that a true knowl-
edge of her laws demands the col-
lective efforts of many sciences;
otherwise we will see only one
side of the phenomena and know
nothing of the other..."

Academician N. Semenov
(Nauka i zhizn', No. 1, p. 3, 1968)

FOREWORD

The interaction of analyzers responsible for spatial orienta-
tion, formation of posture and motor acts, suffers noticeable
changes under the conditions of weightlessness. Biological experi-
ments on rockets, and then investigations carried out on human be-
ings on airplanes describing Kepler parabolas, and, finally,
astronaut flights turned attention to the special significance of
the vestibular analyzer. The practice of space flights put before
physiclogy the task of explaining the mechanism of vestibular dis-
orders observed under the conditions of weightlessness,.

A solution to the question, however, is complicated by the
obvious insufficiency of knowledge in relation to the function of
the vestibular analyzer and the interaction of its separate parts.

Nonetheless, in recent years in the USSR and abroad, a large
quantity of work has appeared which is dedicated to the study of
the functional characteristics of the vestibular analyzer.

The book of our colleagues and students, A. N. Razumeyev and
A, A. Shipov, gives a generalization of the achievements of recent
years on electrophysiological investigations of specific groups of
conducting paths of the vestibular organizer, the interaction of
its parts, the character of impulses arising in the receptor,
characteristic of their conduction along the vestibular tract,and
also of questions of the mathematical description of the function-
ing of peripheral sections of the vestibular analyzer.

In this book questions of biophysics and physiology of the /6
vestibular receptors are examined, as are the reactions of neurons
of various sections of the vestibular analyzer with adequate and
inadequate stimulation of the labyrinth, functional connections
both inside the vestibular analyzer as well as with other analyzers.
Descriptions are cited of the methodological experimental methods
with the application of contemporary mathematical methods of



treating experimental materials.

This book is of interest for a wide range of scientific re-
searchers and doctors, and also for cybernetic engineers.

Academician V. V. Parin
O. G. Gazenko, Corresponding
Member, Academy of Sciences
USSR
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CHAPTER I

FUNCTIONAL MORPHOLOGY, BIOPHYSICS AND PHYSIOLOGY
OF VESTIBULAR RECEPTORS

Functional Morphology

Concise Information of Phylogenesis, Ontogenesis
and Anatomy of the Internal Ear

The organ of hearing and balance is a membranous labyrinth
appearing as a system of thin-walled sacs and ducts, filled with
a fluid endolymph. This system is closed in a petrous bone, the
space of which is only partially filled with the membrane labyrinth.
The membranous labyrinth is situated as if it were suspended in the
perilymphatic space by means of a number of connective tissue
lacerti (lacertus fibrosis), passing through the internal surface
(endosteum) of the bony labyrinth and the connective tissue mem-
brane of the membranous labyrinth.

All vertebrate animals: fish, amphibians, reptiles, birds
and mammals have principally the same labyrinth structure, although
differences in its concrete embodiment are as numerous as are the
types of animals.

The labyrinth of vertebrates 1is situated symmetrically in the
right and left halves of the skull and i1s represented by the utric-
ulus, sacculus and lagena (in evolutionary development, this dis-
appears when the cochlea completely develops) with maculae and
otoliths; the macula neglecta (which is lost in the majority of
mammals, except for the mole and the squirrel); by a system of semi-
circular canals with crests and cupulas; and by a cochlea with
Corti's organs (Fig. 1).

Thus in a more developed form the internal ear appears as a
sensory organ with three purposes. There are receptors of angular
acceleration (semicircular canals), of linear acceleration includ-
ing gravitational acceleration (oteolithic organs), and an organ
for the precise frequency analysis of sound (Corti's organs of the
cochlea) in the ear.

It is assumed (by Pumphrey, 1950; Lowenstein, 1960 and others)



that the history of the development of the internal ear in verte-
brates begins with the lateral line organ. Even at the present

time several fish have in their integument hair cells which evi-
dently are none other than indicators of water currents. There is /8
every basis for viewing such kinds of cells as the original organ

of spatial orientation. Further in the process of evolution,

these cells were imbedded in systems of subepidermal tubes and
evolved into lateral line organs. Insofar as aquatic animals have
approximately the same density and compressibility as the medium

they inhabit, then any body moving in the water will deform the
surface of the animal Jjust as if it were directly touching it.

Thus objects moving nearby are discovered with a certain precision
simply by a determination of the points of maximum pressure. In-
asmuch as the calcium content in seawater is very high, at a cer-
tain stage of evolution a deposit of calcium carbonate (CaCogy)

could be formed, giving rise to otoliths. But in such a case the
lateral line organ had to become sensitive not only to stimuli

which were adequate for unloaded organs (vibrations), but also for
deformations caused by gravi-
tation (linear acceleration).
There are no fish with a

loaded lateral line organ.

This is not surprising since,

as a result of further evo-
lution, there was an isolation
of the labyrinth and a divi- /9
sion of the perception of T
enumerated classes of stimuli
between its separate organs.

The labyrinth was enclosed
and a single connection with
the external medium remained,
i.e. the ductus endolymphaticus,
so that the terminal organ
proved to be completely pro-
tected from the external lig-
uid current. The terminal
organs of the semicircular
canals either lost otoliths
or the cupula did not have
them at all, and the very same
semicircular canals acquired

Fig. 1. Labyrinths of Various a structure which enabled them
Vertebrates: (A) Fish; (B) Tur- to become sensitive only to
tles (C) Birds; (D) Mammals; angular accelerations. The
(Prosser, Braun, 1967). necessity of separating sound
(1) Utriculus; (2) Sacculus; and gravitation lead to the

(3) Lagena; (4) Auditory Papilla; development of a cochlea with
(5) Basilar Membrane; (6) Cochlea. Corti's organ (Pumphrey, 1950).
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The Semicircular Canals

The three semicircular canals (a complex of one side of the
skull) are distributed in planes which approximately form a right-
angle coordinate system. Very often a canal does not have the
correct round form, and moreover it bulges out of its own plane,
then re-enters it; but on the average each canal can be associated
with a definite plane. The circular shape does not at all appear
essential for its function, since there is no necessity for the

canal to be ideally uniform. Each canal exits from a common cav-
ity (utriculus) and describing an arc close to a hemisphere returns
to it from the opposite side (Fig. 1). In direct propinquity to

the utriculus the canal expands sharply, by ten times (Dohlman,
1935), forming an ampulla, and then again contracts to the basic
diameter on the order of 0.3 mm, is opened into the utriculus.

In the ampulla a receptor structure is located - a sensory crest
with a neuroepithelium consisting of epitheleal sensory cells,

the filiform processes which penetrate the canaliculus (3-5 u in
diameter) of the jelly-like cup - the cupula (Fig. 2). The cupula
is a mobile structure having approximately the shape of a citrus
section (Groen, 1956). Between the crista and the cupula there is
a thin (2-5 u) fluid layer - the subcupular space, which gives the
possibility for the cupula to move along the crista as if on a
hinge, thereby deforming the hairs of the sensory cells. The
cupula closely adjoins the ampulla, and insofar as the semi-
circular canals (and also the utriculus, sacculus, lagena and
cochlea) are filled with a fluid (endolymph), then the fluid ring
of canals will bend and shift the cupula along the crest as soon
as the endolymph comes into motion under the influence of inertial
forces. The density of the substance of the cupula is the same

as that of the endolymph; also the coefficients of refraction are
identical; hence the living cupula is invisible in the ampulla,
and only staining the endolymph with India ink reveals its presence
in the form of a white silhouette. The motion of the cupula is
rigidly connected with the motion of the endolymph in the canal,
and neither gravitational nor centrifugal forces can shift or bend /10
this delicate instrument (c¢f. Chapter II). From a functional
point of view, the shape of the crista is very interesting (Dohlman,
1961). The human crista in cross section has a half-moon shape,
"the horns" of which come to half the circumference of the circu-
lar space of the ampulla. Turning attention to the fact that the
cupula, filling this ampullar space, is united with the canals

and utricular inclinations of the crista, it is possible to assert
that the true shape of the cupula in cross section is elliptical,
whereby the larger axis of the ellipse is directed from the base
of the crista to the ampullar vault. Cross sections of the
horizontal and vertical ampullar canals do not differ from one
another. In man the only difference from the animals is that the
crista of the vertical canals 1is oriented perpendicular to the



plane of the canal, and the crista of a horizontal canals is at a
certain angle. Moreover, in animals there is a fundamental differ-
ence between cristae. The cristae of the phylogenetically older
vertical canals make contact with the ampullar wall by a formation
of two planum semilunatum, whereas the cristae of the phylogenetic-
ally younger horizontal canals are simple asymmetrical formations

(Mygind, 1948).

Do the lateral portions of the cristae have any kind of sen-
sory epithelium and innervation which could be compared to the
innervation of the central portions of the crista, which is always
viewed as the more significant, if not the only, surface important
for stimulation of the hair cells?

Histological preparations
of cross sections of cristae of
the shark, frog, alligator, cat,
pigeon and monkey gave a pic-
ture of the nerve fiber distrib-
ution along the sensory epi-
thelium. In the first place,
it is well known that the nerve
system of both vertical canals
is separated into two branches
and that the horizontal ampulla
is innervated with a single
nerve. The peripheral edges of

Fig. 2. Structural Scheme of the crista of the vertical can-

the Ampullar Organ (Longitud- als in the lower animals receive

inal Section of the Ampulla almost all nerve fibers, whereas

with the Cupula and Crista) comparatively few fibers go to
(Groen, 1956). the central portion of the crista.

VA - Vault of the Ampulla; In the second place, in the hor-

C ~ Cupula; SCS - Subcupular izontal canal the dilation of /11
Space; SC - Sensory Cells; the crista and its flabellate B
SC - Supportive Cells; N - Nerve. expansion to the lateral wall of

the ampulla is innervated by a

larger bundle of nerve fibers,
but only a small ramulus approaches the opposite medial side of the
ampulla, which is clearly visible on the labyrinth of the pigeon,

The explanation for such a distribution of nerve fibers (in
lateral sections) could be either that the lateral portions possess
a larger surface of sensory epithelium than the central part, or
that the sensory epithelium of these regions requires a denser
innervation for each hair cell.

In order to investigate this problem, the surface of the
sensory epithelium was measured and the quantity of nerve fibers
in various portions of the crest on preparations of cross sections
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of the nerve and the crest were calculated (Dohlman, 1961).

The number and probably the density of myelin nerve fibers
was greater in the lateral portions than in the central portions.
If the nerves of the reticular canals in man were not separated
into two branches, as in the lower branches, and even if the nerve
fibers in ampullar cristae were distributed in a more random
fashion along the sensory surfaces in all ampullas, then the
principle of intensified inmervation and relatively greater sensory
surface of the lateral portions of the crista and the flabellate
distribution of fibers along the lateral walls is probably a gen-
eral principle in many types of animals including man.

With the motion of the endolymph the cupula not only bends,
but also slides along the surface of the sensory epithelium, which
can be observed in experiments with the injection of India ink
into the endolymph (Vilstrup, 1950 a, b, c; Dohlman, 1961). The
fact that the central portion of the cupula moves far down along
the canal and utricular inclinations of the crista indicates that
the center of revolution of the cupula is located in the lower
portion of the crista. From a mechanical point of view, the cen-
tral part of the cupula, consequently, is a long lever from a
fulcrum on the inclination of the crista to the vault of the
ampulla. Since the lateral portions of the sensory epithelium are
distributed to the middle of the lateral portions of the ampulla
(in man), then with rotation of the lever the lateral portions of
the cupula will cover distances along the sensory epithelium
greater than those crossed by the central portions of the cupula.

The size of the path traversed by the lateral portions will
depend upon the force acting upon the cupula and upon the elastic
characteristics of the cupular structure. Such a mechanical
structure is well adapted for the cupula to make slipping move-
ments along the important sensory regions of the lateral walls of
the ampulla, even with small displacements of endolymph.

In contrast to the great variation in body sizes, the semi-
circular canals of various animals are approximately alike in
size. Jones and Spells (1963) measured the internal radius (r)
and the radius of curvature (R) of the semicircular canals of 87
types of animals, including 46 mammals, 17 birds, 17 fish and 7
reptiles, according to available models and photographs.



SIZES OF

THE SEMICIRCULAR CANALS OF VARIOUS ANIMALS

TABLE 1

(Jones, Spells, 1963)
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Mammals
MABN . et s s oo e snnsaoenesana 70 0.14 [0.0195
-- 0.13 0.017
Yellow baboon.........e.. n 0.11510.013
Black orangutan.......... 13.5 0.155}0.024
Green MarmosSet.eeeeeeeees 5.25 0.125]0.0155
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Gazelle..eeas Ce e e e . 2u.5 0.1551{0.024
Sheep.veeen.onn e st e Lg 0.1 0.01
Arabic camel....... . us55 0.14% 1(0.0195
Plgeeeensnneseens s e e 105 0.16 [0.0255
Horse..oeeewooeoae e e e . 450 0.1951]0.038
3-toed sloth.seeeeenenenon 3.1 0.12 0.0145
Anteater........ .. ... 3.9 0.12 (0.0145
Hare.oeeseeosoosoeos . 1.75 [ 0.090(|0.0081
Rateii i ieeenesnoaeees 0.21 | 0.090(0.0081
Jerboa@: e eeeessssessassos 0o.044) 0.1 0.01
Rabbiteeeeeeeooooeosooenss o.44 | 0,11 10.012
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TABLE 1 (Continued)
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Guinea pPigeeecesess .o 0.25 0.10510.011 |1.9 -- -
Squirrel....eeeierenanane 0.2 0.08 (0.0064}1.6 26 0.039
Porpoise....o... ce oo 25 0.155)0.024 |3 1 0.066
Porcupine...oeeeesesennes 0.51 0.12 10.0145{1.15 - -
Porcupine....... e e -- - - 1.7 - - -
MOlE.eeoeeennooenanns e 0.034 | 0.08 (0.0064}1.3 08 0.105
Dolphin.......ce.... e e 50 0.095|0.009 }0.87 -- -
DUZONZ e s essveasosoesoseas 230 0.16 0.0255}13.4 1.25 0.0685
Bonytailed kangaroo...... 22.5 0.1 0.01 1.9 j0.355 ;0.0535
Blackfaced kangaroo...... 19 0.125(0.0155{2.85(0.735 |0.0605
Vulpine phalanger........ 2.1 0.30510.,0105}{1.8510.455 0.0u435
Marsupial mole.....eceun. 0.25 0.07710.0059{0.95 -— -
Kangaroco rat......... 0.07 0.08 0.006410.94 |0.14 0.0L435
Marsupial rat........ 0.025 0.075(0.0056(1.15(0.16 0.004
Shortnosed bandicoot... 1.05 0.07 (0.004911.2 17 0.035
Platypus...eeveuaeens 0.57 0.115(0.013 |1.9 -- --
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Kanyuk eeeecveceosess v cnsan 0.72 0.23 (0.053 {3.4 .3 0.0775
Greater tinamou....... 0.75 0.12570.015571.9510.72 0.0u25
2 = o T 1.6 0.14510.021 2.9 0.84 0.0725
Reed partridge....... 10.5 0.16 }0.025512.35 -- --
Monarch crane........ 6.8 0.19 |[0.036 (3.2 [2.05 0.056
Pigeon..... c e e s e e e 0.67 0.15 0.022512.95]0.585 0.115
Cockatoo.eeieeeseanans 0.8 0.14 10,0195}3.2 |1.6 0.039
Rabbit owl..eeseweeees 0.54 0.19 0.036 2.9 1+9 0.054
Grey CroW..soeeeooeoess 0.44 0.14 |0.0195)2.8 |1.U4 0.0385
Singing thrush....... 0.062 0.115y0.013 |1.9 Jo.545 |0.046

# Similar to a hawks
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Reptiles i
Giant tortoise...........|200 0.21 !o.ouu 1.8 -- --
GECCO vttt s s s eansescsscssss 0.014 0.13 10,017 1.4 - - -
Spotted lizard...........| 0.485 | 0.14 [0.0195{3.35| -- --
Blunt-tailed skink....... 0.415 0.14 ,0.0195{2.7 l - --
West African python...... 6.15 0.15 {0.0225{2.6 [0.395 | 0.15
Giant toad...eeivevsceens 0.26 O.14 50.0195 1.4 4 -- --
0.33 0.1 ;0.0l 1.25 -- - -
Fish Y
Roach.iiiievineoeeoneoeesns 0.34 0.16 0.0255:3.2 -- --
Tench. e eeeeiieoeeseoeens 0.45 0.19 0.036 3.2 -- -
TroUut.eseeeoeesososseoseos 0.23 0.155(0.024 5.1 - --
TUNNY ¢ s ossoussosssvensses 135 0.195(0.038 {11 -- --
Hake.vieooeeiteoeanooeonne 2.05 0.185(0.034 6.2 -- -
Percheeeseeneceaacscoansa 0.17 0.2 0.029 4.5 -- -
-- 0.1u(H)
-- 0.18
Chimera.sseieeceossocnssss 0.91 0.31540.0755}5.7 - -—
-- 0.24 (H)
- 0.285‘
MOl ' Va4 e eroneanoonssenans o.u3 0.36 0.093 7.8 -- --
-- 0.25 (H)
-- 0.3251
Brama...vesveeeecacceenas 0.u45 0.17 0.0255(4.3 -— --
-- 0.15 (H)
-- 0.185
Sea tonguUe.. . eesvaooassas 0.34 0.19 ‘0.03u4 |3.7 -- --
-- 0.18 (H)
-- 0.185
SCOMBEr s v vttt ensoassennas 1.25 0.18 0.0325({3.3 - -—
Blackcrusted halibut..... 4L,05 0.3 0.0675|4.9 - --
-- 0.22 (H)
-~ 0.275'
Sea €1l.. i iieataccccceen 5.2 0.28 0.06 4,8 -- -—
-- 0.21 (H)
-- 0.255
PikeEuieeseoneaonesnsooanes 0.43 0.24 |0.0485 u.h -- --
-- 0.2 (H)
- 0.255




TABLE 1 (Continued)
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Spiny shark......c0eeeen. 1.15 0.26 [|0.0575) 4.7 -- --
-- 0.22 (H)
-= 0.25 |
Skate.veseoeonasns e ee e 11.5 0.35 10.11 6.3 -- ~--
-- 0.31 (H)
- 0.335|
Tusk...... e e 13.5 0.26 10.065 4.8 -- --
- 0.19 (H)
-- 0.285]
- r2R
Note: H is the horizontal canal; the mean value =

0.0509 + 0.0264.

The results of the measurements confirmed the theoretical pre-
dictions of the authors on the weak degree of dependency of r and
R upon the body mass m:r2 (or R) = Am , where A is the proportion-
ality factor, and the size of the indicator degree is within the
range from 1/12 to 1/3. Actually,

log 100 7% == (0,0945 £ 0,0549)  log -+ 0,2525,
log 100 R — (0,0761 +0,0402)  1og+ 2.3797,

where r and R are measured in millimeters; m in kilograms.

Thus, measurements indicated that »2 and R have a tendency to
increase very slowly with the animal's increase in mass, whereby
the speed of increase for R is approximately the same as r2; that
is, significantly greater than r. The variations in » and R are
small in comparison with the changes in size of the animals
(Table 1), so that a 1000-fold growth in body mass among mammals,
let us say, from 0.1 to 100 kg (assuming an equivalent 10-fold
increase in the linear measurements of the body) corresponds to
the increase in r by 1.6 and R by 2.2 times. The scattering of
the mean values of r and R is substantially decreased if fish are
excluded from the calculation; their canal sizes are significantly
greater than the sizes of canals for mammals of the same mass.



The Otolith Apparatus

The receptor system for the measurement of linear acceleration
with the aid of the motion of denser particles in a less dense
fluid is universal for living organisms.

Both the statocyst apparatus of invertebrates and the otolith
apparatus (utriculus, sacculus, lagena) of vertebrates function in

this way.

The fluid inside the labyrinth of vertebrates (endolymph) has
a density relative to water of 1.02-1.04. Large (from 1 to 20 mm)
otoliths consist of limestone with a density of 2.93, having a
mass consistency similar to toothpaste and to stones with a charac-
teristic laminar structure. Otoconius in mammals and man (from
1 - 20 u) consists of calcite with a density of 2.71. Certainly
the protein network including the otoconius, the so-called otolith
membrane, moves as a single body; i.e., 1ts parts are very firmly
interconnected. The density of the otolith formation, thus, is
almost three times more dense than the endolymph, and the mass is
as much as 100 times greater than the mass of an equal volume of
endolymph. Consequently, the expression aV (p; - py), where a
is acceleration, V volume, p; and ps the density of the otolith and
endolymph, defines the surplus force which 1s applied to an otolith
upon the action of gravitational or any other linear acceleration

(Trinker, 1962).

The otolith membrane is penetrated with filiform processes
(cilia) of the underlying layer of secondary sensory cells which,
together with the intermediate supporting cells, form the sensory
epithelium macula.

OM =
77
T U a DA N

T
N\~
IENS\V7Z &

N SMS scC

e

Fig. 3. Structural Scheme of the Otolith Organ
(Longitudinal Section of the Otolith Membrane and
Macula) (Groen, 1956).

OM - Otolith Membrane; SMS - Submembranal Space.
Remaining Designations as on Fig. 2.
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Between the otolith and macula there 1s a narrow space filled /17
with a jelly-like mass which makes it possible for the otolith to T
slide along the macula and to deform the halrs of the sensory cell.
The maximum displacement of an otolith along the macula is on the
order of 0.1 mm for the sacculus and 0.005 mm for the utriculus
(de Vries, 1950) (Fig. 3).

Weighing the otolith of the sacculus, utriculus and lagena of
bony fishes, de Vries, 1950, showed that the weight of otoliths
changes insignificantly in comparison with the change of size
(weight) of the fish (Table 2).

TABLE 2

WEIGHT OF OTOLITHS OF FISH (de Vries, 1956)

. Weight of Otoliths,mg
Form Weight, e A,
g sacculus l utricuius \ lagena
Pike 35 A 0,5 0,5
3000 51,0 6,0 645
Ruff 6 7 0,16 —
27 35 0,65 12

The general law of the significantly slower increase in sizes
of the labyrinth in comparison with the increase in the size of

the animal is true for all sections of the labyrinth. This is
understandable since the labyrinth is "not the ship's helm, but
only its compass" (de Vries, 1956). It is interesting that for

mammals the membranous labyrinth does not grow after birth, al-
though the temporal bone in which it 1s included increases sig-
nificantly.

Brief Morphological Information on the Structure of
the Sensory Epithelium of the Vestibular Apparatus

In the acoustical lateral system two types of receptor cells
are differentiated: Type 1l and Type 2. Type 2 is characteristic
for the organs of the lateral line, the vestibular portions of the
internal ear of lower vertebrates and for Corti's organ of birds
and mammals; Type 1 for the vestibular portlion of higher vertebrates
(reptiles, birds and mammals). In the sensory epithelium of the
cristae and maculae of higher vertebrates, two types of receptor
cells are known; pitcher-shaped Type 1 cells and cylindrical Type 2
cells (Wersall, 1956, Fig. 4). The basic difference between these
two types of receptor cells consists in the distributdon and struc-
ture of nerve endings, and in the distribution of cellular organells.

11



At the same time Type 2 cylindrical receptor cells are innervated
by numerous thin nerve fibers, forming on their basis the bud-
shaped nerve ending of the second type (granulated and non-granu-
lated) Type 2 receptor cells are surrounded with large cup-shaped
nerve endings almost to the very tip (Fig. #). Engstrom (1958)
discovered the presence of small granulated nerve endings, forming
synapses of the exterior of this nerve cup. The nerve cup may
give rise to processes which enter into synaptical contact with
Type 1 cylindrical cells (Ades, Engstrom, 1965).

Fig. 4. Structural Scheme of the Vestibular Sensory
Epithelium.

NF - Nerve Fiber, Forming a Calyx Around a Type 1 cell;
NE - Nerve Ending for a Type 2 cell; S - Sterocilia;

K - Kinocilia with a Basal Corpuscle (BC); K' - Reduced
Kinocilia (Spocendlin, 1965a).

12



Sometimes there are from 2-4 Type
1l cells in one cup (Fig. 5).
Unlike the bud-shaped nerve end-
ings, the scyphoid nerve endings
are formed with thick nerve fib-
ers, each of which gives a small
number of scyphoid endings to

the neighboring receptor cells.
Although both types of cells are
distributed along the entire
stretch of the ampullar cristae,
Type 1 cells are localized chief-
ly under apexes, and Type 2 cells
basically in the peripheral re-
gions. In maculae Type 1 cells
are often found mainly in the
central regions, since on the
periphery more of the cells are
of Type 2. Evidently, there are
more Type 2 cells in maculae than
in cristae. These data and also
those on the more differentiated
distribution of organoilds in the
cytoplasms of Type 1 cells allowed Wersall (1956) to draw the con-
clusion that the cylindrical Type 2 receptor cells which are found
in all vertebrates, receive a strong diffuse stimulus, while Type 1
receptor cells are highly differentiated cells with a specific
function and receive local actions on a limited region of the
sensory epithelium.

Fig. 5. Schematic Drawing of
the Variety of Scyphoid End-
ings.

(a) Double and (b) Triple Cups
(Spoendlin, 1956b)

In a large number of investigations,Ya. A. Vinnikov and others
(Vinnikov, 1966) in particular discovered cytochemical differences
between Type 1 and Type 2 receptor cells in the utricular macula
of many mammals and birds. These differences primarily concern the
character of the distribution of RNA, protein, and functional groups
of protein molecules.

Receptor hair cells of the cristae of the semicircular canals
in vertebrates and of lateral line organs are characterized by the
presence of one mobile kinocilium with a characteristic (18 + 2)
fibrillar structure. It is orientated beside a hair bundle with
little mobility which has lost fibrils, the so-called sterocilia
(Fig. 6a).

The kinocilium is located in a notch formed by 8 or 9 parallel
rows of sterocilia (5-6 per row). Sterocilia bundles have various
lengths. The longest sterocilia are distributed around kinocilium
and attain longths of 40 u (Wersall, 1956). To date no differences
have been discovered in the structure of sterocilia in hair bundles
of the Type 1 and Type 2 sensory cells.

13
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Various Types of Hair Bundles:

and (b) Maculae (Ormerod, 1965).

(a) Cristae



Microscopic Structure of the Crest of the

Ampulla (A) and the Lateral Line Organ (B).

7.

Fig.

Illustrating the Structure of the Sensory

(a) and (b) Magnified Portions of the Sensory Epi-

thelium,

Black

Cells and the Orientation of Hair Bundles.

1962).

Wersall,

Kinoeilium (Flock,
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In the maecula utriculus, in addition to the described type
of organization of hairs into a bundle, other types appear (Fig.
6b).

In the crista of the horizontal semicircular canal, the kino-
cilium in all hair bundles is found at the side of the utriculus;
in the crista of the forward verticular canal it is located on the
side facing the open space of the canal (Wersall, 1956; Lowenstein,

Wersall, 1959) (Fig. 4).

Such a homogeneous polarization, as the investigations of
Flock (1964) showed on the burbot, Lowenstein et al., (1964) on
the skate and Spoendlin (1956) on monkeys, does not exist in other
regions of the vestibular apparatus.

In macula utriculus the directions of polarization are dis-
tributed in a fan-shape from the medial portion of the macula to
several distorted border lines, from which the polarization of the
sensory cells is the opposite (Fig. 8). Thus, in the macula
utriculus all possible directions of polarization are presented.

In the macula sacculus the
cells are polarized approximately
equally in the front lower and
rear upper directions whereby
the kinocilia in both directions
of the border line are turned in
opposite sides, so that in the
macula sacculus not all directions
of polarization are represented.

Polarization of various sec-
tions of the vestibular apparatus
of the skate (Raja clavata) is
presented in Figure 9.

There are 6,900 sensory cells

Fig. 8. Schematic Drawing of in the macula sacculus of the

the Morphological Polarization gulinea pilg; 8,400 in the macula
of Hair Cells in the Macula utriculus; 6,000 in the crista of
Utriculus of the Burbot (Lota the horizontal semicircular can-
vulgaris) (Flock, 1964). als; and the surface area of the

sensory epithelium approximately
0.48, 0.55 and 0.40 mm 2 (Lindeman, 1967).
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Anterior vertical
ampulla

Horizontal ampulla

Macula neglecto

WﬂMMS/

(e
.(_\: : E,

Sacculus

Posterior vertical
ampulla

Fig. 9. Morphological Polarization of the Sensory
Epithelium in Various Sections of the Labyrinth of
the Skate Raja clavata (Lowenstein et al., 1964).

Between the hair cells of the sensory epithelium there are
support cells shaped like irregular prisms. Support cells densely
encircle the sensory cells and nerve endings, Several of them
stretch from the basalar membrane to the epithelial surface, where-
as others do not reach the base of the sensory cells.

Below the sensory epithelium is located a thick network of
capillaries. In the direction toward the basalar membrane, the
walls of the capillaries become thin and are punctured with pores
on the order of 800 & in diameter (Flock, 1965).

Chemical Composition and Biophysics of the
Labyrinth Fluids

Recent investigations by Maggio (1966) on disturbances in the
cochlear function of cats, caused by partial removal of perilymph
through the round window, as well as his demonstration of dynamic
connections between several basic chemical, electrophysiological
and morphological indicators of activity in the auditory system in
cats and Dalmation dogs with congenital deafness, led the authors
to the following conclusion. The perilymph and probably the endo-
lymph are not only media enabling the transmission of mechanical
energy of sound to the hair cells, but they probably are primarily
electrochemical and physical chemical media, necessary for the
existence of the functions of the labyrinth's neuroreceptors.
Therefore, for example, as a consequence of the partial removal of
the perilymph from the cochlea not only the conditions of energy
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transmission to the hair cells, but also the very processes of con-
version of mechanical sound energy into electrical energy of the
nerve impulses are hindered. The authors extend their conclusions
even to the receptors of the vestibular apparatus. It is absolutely
necessary that there be further experiments to test the proposed
hypotheses.

Given briefly below are summary literary data related to the
biochemical composition of labyrinth fluids in comparison with the
cerebro-spinal fluid and with blocd serum. It is necessary to note
that the majority of data were obtained after death and, according
to Maggio (1966), the Kt and Nat content cannot be considered ab-
solutely reliable.

Comparison of Physical Characteristics and Physical
Composition of the Perilymph and Endolymph

The viscosity, specific gravity, osmotic pressure, electrical
conductivity and biopotentials of the perilymph are lower than
those of the endolymph. The volume, pressure diffraction and indi-
cator and electrical conductivity is higher in the perilymph. Just
on the basis of these facts it is possible to come to the conclusion
that the endolymph and perilymph are different fluids. Just what
role is played by the physical characteristics of these two fluids
has not yet been established, and there are only suppositions.

For example, the dependency between the viscosity of the perilymph
and the mechanism of energy transformation in the cochlear and
vestibular systems is not known. The high viscosity of the endo-
lymph (with & maximum in elasmobranch fish) is due to a high con-
tent of mucopolysaccharides. As a result of such a viscosity the
effects of strong oscillation of the endolymph may be eliminated,
and the vortical motions with the physiological current of this
fluid may be prevented (Tonndorf, van Bergeijk, 1958). The differ-
ent composition of mucopolysaccharides in elasmobranch fish and in
mammals determines the different viscosity of the endolymph of
these vertebrates. In sharks, however, the viscosity of the peri-
lymph is higher than the viscosity of the endolymph. The perilymph
of the utriculus and of the semi-circular canals 1is more viscous
than the perilymph of the cochlea and the sacculus. Basically,
mucosaccharides in the labyrinth fluid of sharks are represented

by hyaluronic acid. It appears important that cochlea and vestib-
ular structures such as the tectorial membrane, the cochlear and
the otolith membrane are not only washed but also saturated with
endolymph containing mucopolysaccharides.

The high osmotic pressure in the endolymph relative to the /25
perilymph supports the point of view that the endolymph is a prod- T
uct of an active process of secretion of the stria vascularis cells,
and the perilymph can be used as an ultrafiltrate of serum through
the capillary (we will deal with this below).

18



R

The high indicators of refraction of the perilymph relative
to the endolymph, despite the greater viscosity of the latter, can
be ascribed to the larger protein content in the perilymph con-
nected with inorganic ions (Nat, Kat, catt etc.).

The content of organic substances in the perilymph is higher
than in the endolymph, and the content of inorganic substances is
lower. In the cat, the concentration of proteins in the perilymph
is twice, in the guinea pig three times and in a shark one and
one-half times higher than in the endolymph. The general nitrogen,
however, is slightly higher in the perilymph of sharks. 1In the
guinea pig, the amount of nonprotein nitrogen is the same in the
perilymph and the endolymph. In mammals the picture of the protein
fraction in the perilymph differs from that in the endolymph.
Approximately one and one-half of the proteins of the perilymph
are albumins, In human serum, on the other hand, albumins comprise
4/5 of all proteins. In other body fluids (vitreous body) the
albumin concentration is equal to the concentration of globulins.
In the lower vertebrates, such as elasmobranch fish, the proteins
of the endolymph are represented only by globulins, whereas in the
perilymph by globulins (79%) and albumins (21%).

Amino acids of the perilymph belong to the aliphatic mono-
and diamino acids with low molecular weight. They also belong to
the class of glycoform acids and consequently participate in var-
ious phases of glucose metabolism. The composition of amino acids
in the perilymph does not change with intra-abdominal introduction
of triptophan (absent in the perilymph) and glocu-amino acid which,
on the other hand, is present in it (Chevance et al., 1960); but
it does change with the introduction of solutions containing ala-
nine, serine, threonine and methionine. A difference of the peri-
lymph is the presence of glutoamino acid in the absence of meth-
ionine. It is possible to assume that the constancy in the compo-
sition of amino acids is due to a local enzymatic balance. A
complex barrier controlled by the vegetative nervous system excludes
metal ions and several free amino acids from the labyrinth fluid,
and especially from the perilymph (Chevance, 1958, Chevance et
al., 1960; Kluyskers, Rabacy, 1960).

In the shark and the cat the pH of the perilymph and the
endolymph are approximately equal (Vilstrup, Jensen, 1955; Ledoux,
1950), but in the guinea pig the pH of the perilymph is higher than
in the endolymph, in which the insufficiency of 02 lowers the pH
to 7.8 and 7.0, respectively (Misrahy et al., 1958). In man the
pH in the endolymph is higher than in the perilymph (Rauch, Kostlin,
1958).

The concentrations of ca*t, Mg*t, C1™ in the perilymph and
endolymph of mammals are equal, but that of Nat is greater in the
perilymph and Kt in the endolymph. The concentration of Nat in the
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perilymph is closely connected with the concentration of the K* in
the endolymph. In elasmobranch fish the ratio of the concentrations
of endolymph and perilymph for Kt is 19 (compared with the ratio in
mammals), for Nat is 1.05, for C1~ is 1.2, and in mammals this

ratio for Nat is 0.1 and for Cl1- is 0.9 (Murray, Pottz, 1961).

The total concentration of Nat and Kt is greater in the endolymph.
The high concentration of Cl~- balances the high concentrations of
Nat and Kt. The labyrinth fluid of the octopus (Octopus vulgaris)
is similar in ion composition to blood serum (Amore et al., 1959).

On the whole the given data indicate that the endolymph and
the perilymph are different fluids in their physical characterist-
ics and in their chemical composition, and apparently have differ-
ent origins.

Comparison of the Physiological Characteristics and
Chemical Composition of the Perilymph and Endolymph

The osmotic pressure, freezing point and the indicator of
refraction of the perilymph is higher than that of the cerebro-
spinal fluid, and its electroconductivity is lower.

Organic substances (proteins, ureas, amino and ketoacids,
etc.) in the perilymph are greater than in the cerebro spinal
fluid. There are more of the substances in the perilymph as op-
posed to the cerebro-spinal fluid by 5 times in the cat and by
8 times in the guinea pig and man. The content of inorganic sub-
stances 1is the same, with the exception of CO,, the concentration
of which is higher in the cerebro-spinal fluid (in man). In mam-
mals there is also a difference in the concentrations of amino
acids.

Finally, the activity of phosphomonoesterases and lactate-
dehydrogenases is higher in the perilymph. These data indicate
that these fluids are similar but are not identical. The hypothesis
that perilymph is a dialyzate of the cerebro-spinal fluid cannot
be considered to be correct. It is more similar to blood serum
than to endolymph.

The osmotic pressure and the indicator of refraction of the
endolymph is higher than that of the cerebro-spinal fluid.

The concentration of H? in the endolymph i1s higher and the
content of reducing substances is lower. The content of proteins
and the concentration of Catt and Mgttt are approximately equal.

In the cat and several elasmobranches such as Raja clavata,
Cetorhinus maximus and Scoloidontus laticandus, the content of

Cl- in the endolymph is higher. In bony fishes the low concentra-
tion of Nat and in the elasmobranch fish the high concentration

of C1~ in the endolymph partially compensates for the excesses
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of Kt (Enger, 1964).

Comparison of the Physical Characteristics and the
Chemical Composition of the Perilymph and the
Endolymph in Blood Serum

~
N
~

The osmotic pressure and the indicator of refraction of these
fluids are approximately the same.

|

There are less organic substances in the perilymph than in
blood serum. The concentrations of Nat, Kt and Cat? are the same.
The picture of the fractions of proteins, amino and ketoacids is
approximately the same in both fluids. Glycine and taurine, how-
ever, predominate in the perilymph; the activity of phosphomono-
esterase and lactate dihydrogenase is higher. In human perilymph,
inorganic substances (Nat) are greater, and CO, and inorganic
phosphorous are lower. The quantities of K* and Mg*t are approxi-
mately equal.

From physical and chemical points of view these fluids are
very similar; therefore it 1is permissible to view the perilymph
as an ultrafiltrate of blood serum.

The osmotic pressure and the refraction indicator of the
endolymph is lower than that of blood cells.

In the endolymph the content of proteins and urea is higher,
and phosphomonocesterase and lactate dihydrogenase are less active.
In the cat, the concentrations of Kt and CO, are higher in the
endolymph, and in man, on the contrary, the concentrations of K%
and CO, are higher in blood serum. The amount of inorganic phos-
phorous 1s the same,

These data indicate that it is impossible to view the endo-
lymph as an ultrafiltrate of the blood, but it must be considered
the result of a secretion process of the stria vascularis cells,
insuring the retention of Nat and the liberation of K%, mechanisms
similar to the processes in the renal caniculi.

If blood serum by its NaT and Kt content is close to extra-
cellular fluid, then endolymph is close to intracellular fluid.
Endolymph is the only body fluid in which the concentration of K%
is the same as in the introcellular fluid. In the extracellular
fluid K¥ = 18-22 mg per 100 ml; in human saliva 77.0 (46.4-107.6)
mg/100 ml (White et al., 1955).

In 1951, Békésy registered an unusually high positive poten-
tial (+ 70-80 mV) in the endolymph of the cochlea in the guinea
pig in relationship to that of the perilymph. Further investiga-
tions (Smith et al., 1958; Eldredge et al 1961) showed that despite
the anatomical continuity of the labyrinth fluids, the potential
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of endolymph in the sacculus of the guinea pig is a total of +1

mV; in the utriculus +4 mV; in the ampulla of the semicircular

canal -1 mV. Consequently the electric polarization of the scala
media of the cochlea is not connected with the concentration
gradient of Kt and Nat in the endolymph and perilymph. A number

of authors (Davis et al., 1958; Tasaki, Spyropoulos, 1959) indicated
convincingly that the source of the endocochlear potential is the
stria vascularis.

The significance of the high concentration of K¥ in the endo- /28
lymph and the existence of a rest potential of +70-80 mV in the -
endolymph of the ¢ zhlea of mammals is not understood at the
present time. Tasaki (1960) proposed that the endocochlear
potential has an action on the receptor cells similar to the action
of an anode on excitable tissue, immersed in a solution rich in K%
ions. Under these conditions the positive polarization not only
restores the irritability of the cellular membrane, saturated in
the solution of Kt ions, but even makes the membrane extremely un-
stable, capable of producing sharp oscillations of the membrane
potential, particularly in response to mechanical action. Similar-
ly, the hair cells are polarized by the endocochlear potential to
a critical level; i.e. they are at a level near to a spontaneous
change in the potential (due to thermal noise). Under the conditions
the slightest mechanical action can give impetus to a large change
in potential, which leads to the appearance of a nerve impulse.

Thus the existence of the endocochlear potential (and conditions

of high concentration of K' ions in the endolymph) insures (appar-
ently) a high sensitivity of the mechanism of mechanical energy
transformation in the process of hair cell excitation. From this
point of view, the existence of a negligible potential in the
endolymph of the vestibular apparatus might signify that its mech-
anism had a lower sensitivity than that of the cochlear mechanism,
at least in relation to the role played by the potential of the
endolymph in the process of the transformation of mechanical energy
to electrical energy.

It is necessary to note that during the process of evolution,
the value of labyrinth potential grows (Schmidt, Fernandez, 1962).

The Physiology of Vestibular Receptors
Microphone Effect

In 1930, Wever and Bray, listening on a loudspeaker to the
potentials of the cochlear nerves of a cat with sound stimulation
of the ear, discovered that the outgoing potentials reproduced the
shape of an incident sound wave so well that it was not only pos-
sible to hear distinctly each word which was pronounced by the ex-
perimenter, but it was also possible to distinguish by voice people
speaking simultaneously. It appeared that the auditory nerve acts
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like a telephone cable. But in 1931 Adrian showed that the elec-
trical changes which are registered are generated by the cochlea

itself and are not due to nerve impulses. "The cause of the effect",
wrote Adrian, "appears to be a kind of microphone action, by means

of which acoustic oscillations produce changes in potential between

the various points of the inner ear.”" The systematic study of the /29
phenomenon by many investigators leaves no doubt about the fact T
that the microphone respounse (effect, action) of the cochlea ex-
presses the activity of the receptor (not nerve) elements of a
peripheral section of the nervous system (Davis, 1957). One char-
acteristic of the microphone effect 1s complete reproduction of

the shape of the actuating sound wave in the pattern of electrical
potentials (currents) which are registered by placing electrodes

at any point which is electrically connected with the fluid medium

of the passages of the cochlea of the inner ear (Gershuni, 1964).

What is the functional significance of this phenomena?

The significance of the microphone effect in the cochlear pro-
cess of transformation of mechanical changes to a nerve impulse is
insufficiently clear. At the present time, the most widely held
concept is that the microphone response is an electrical expression
of processes forming a necessary intermediate link between mechanical
and nerve processes in the cochlea (Davis, 1957; Gershuni, 1964).
Therefore the investigation of the characteristics of the micro-
phone response is one of the effective means of studying the activ-
ity of receptors.

The microphone response of the cochlea was observed in all
vertebrate animals investigated to date: in man, monkeys, dogs,
guinea pigs, cats, rabbits, hamsters, mice, opossums, alligators,
turtles, pigeons, skates and frogs. It resulted that the micro-
phone effect is not limited to the cochlea. It appears in all
labyrinth receptors (Pumphrey, 1939; Zotterman, 1943; de Vries,
Bleeker, 19493 Trincker, Partsch, 1959). In 1948 the microphone
response was discovered in the lateral line organ of fish (de Vries,
1948), which is morphologically homologous to the vestibular appar-
atus (Pumphrey, 1950; Lowenstein, 1960; Granit, 1957; Flock, 1965).
The common origin of these organs is reflected not only in the
similarity of structure, but probably in the similar principles
of receptor mechanisms. Because of its accessibility and relative
simple organization, the lateral line organ of fish became a con-
venient model for the investigation of the basic characteristics
of microphone activity of all acoustico-lateral systems (Jielof et
al., 1952; Kuiper, 1956; Harris, Bergeijk, 1962; Flock, 1965, et
al.).

The frequency of the microphone potential in the lateral line
organs of fish, as opposed to that of the cochlea (Tasaki et al.,
1954) and of the ampullar cristae (de Vries, Bleeker, 1949), is
equal to twice the frequency of the stimulus (Fig. 10), Microphone

23



frequencies which differed from the frequency of stimulation were

observed in otolith organs (Zotterman, 1943; de Vries, 1956).

In-

sofar as the impulse displacement of the cupula in either of the

two opposite directions causes a negative potential;
phone response consists only of negative peaks, i.e. a negative
peak corresponds to each deflection of the oscillating cupula.

With purely sinusoidal oscillations of the cupula,
response has a symmetrical sinusoidal shape.
placement is imparted to the cupula,
microphone potential gradually change,
exceeds the amplitude of oscillations,

bl B
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.
Y

Fig. 10. Influence of Static Displacement of the
Cupula on the Microphone Potential. To a Cupula Which
Oscillates with a Constant Amplitude There is Imparted
a Rostral Displacement at a 5 p Interval. 1,2,3,4,5,6,
7,8,9 - Respectively 0, 5, 10, 15, 20, 25, 30, 35 uVv.
The Scale of Time is 0.5 msec, the Amplitude of Oscil-
lations 10 u, Calibration 20 mV (Flock, 1965).

the micro-

the microphone
If a static dis-
then the waveforms of the

and when the displacement
the frequency of the micro-

phone response is transformed into the freguency of the stimulus,

but the waveform will differ from a truly sinusoidal omne by the
depression of the crests which are directed upwards (Fig. 10).
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If now the cupula returns to its original position, the microphone
response will again acquire a normal form. The greater the ampli-

tude of oscillation,the greater the shift required of the cupula

in order to make the transition from a double frequency of micro-

phone potential to a single one (Flock 1965). Figure 10 shows that
with a displacement of 20 p, the amplitude of microphone potential

is increased by 2 and with displacement of 35 p, by 3 times in
comparison with the original value. With a static displacement of /31
the cupula, directed to the head of the fish, a negative crest will
grow, corresponding to the deflection of the cupula of the same
direction in an oscillating motion, since with a displacement of

the cupula in the direction towards the tail, a phase shift of

180° is observed, so that the crest grows corresponding to the

caudal deflection of the cupula.

With both an oscillating and an impulse stimulation of the
cupula, the microphone potential reflects the amplitude and not
the speed of stimulus (Jielof et al., 1952; Kuiper, 1956; Harris,
Bergeijk, 1962; Flock, 1965). This same result was obtained by
Békésy (1951a) on the cochlea. As Holst (1950) and Trincker (1962)
showed, even in the otolith organ displacement appears to be an
effective stimulus.

The amplitude of microphone response with an increase in
amplitude of oscillation changes according to nonlinear law. It
grows swiftly with small amplitudes of oscillation, slower with
larger ones and finally attains 1ts extreme value ("saturation').
This dependency, constructed in double logarithmic coordinates,
represents a linear function in a definite band of amplitudes of
stimulation (from 3 - 5 p) (Harris, van Bergeijk, 1962; Flock,
1965), which is also true for the microphone response of the
cochlea (Wever, Lawrence, 1954; Davis, Eldredge, 1959).

The maximum amplitude of microphone response is usually from
100 - 200 uV with an amplitude of oscillation on the order of 10 n
(Jielof et al, 19523 Kuiper, 19563 Flock, 1965). The minimum ampli-
tude of cscillation sufficient to produce a registered microphone
response is usually on the order of 0.1 u.

With all other conditions being equal, the amplitude of micro-
phone response is greatest when the direction of oscillation is
parallel to the axis of the lateral line canals. With a gradual
deviation from this direction the amplitude diminishes, and it
reaches its minimum value when the direction of gstimulation is per-
pendicular to the axis of the canal (Fig. 11).

As was shown by the investigations of Kuiper (1956) and Flock

(1965), the microphone response of the lateral line organ is always
accompanied by a slow change in the negative potential,
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The general theory proposed for the function of the hair cells
in the acoustical lateral system maintains that a displacement of
the sensory hairs in the direction from the sterocilia to the kino-
cilia, or in the cochlea in the direction of the centriolel is ex-
citory and causes depolarization and an increase in the impulsation
frequency innervating nerve fibers, since a displacement in the
opposite direction leads to hyperpolarization and a decrease in the
frequency of afferent discharge (Lowenstein, Wersall, 1959; Flock,
Wersall, 1962; Flock at al., 1962; Engstrom et al., 1962; Dijkgraaf,
1963; Gorner, 1963; Lowenstein et al., 1964; Flock, 196u4; Wersall,
Flock, 1965; Flock, 1965).

120° ¥ 50

Fig. 11. Diagram of Directed Sensitivity of the

Lateral Line Organ in a System of Polar Coordinates,

the Microphone Potential with Each Direction of
Stimulation is Plotted on the Corresponding Coordinates.
The Axis of the Canal is Parallel to the Coordinate

0° - 180°. The Outline of the Organ is Indicated by

the Dotted Lines. In Hair Bundles, Black Kino-
ciliam (Amplitude Oscillations, 4 p, Frequency 100 Hz)
(Flock 1965).

IThe centriole corresponds to the basilar corpuscle of the kino-
cilia of the hair cells in the vestibular apparatus and the later-
al line organ, and correspondingly the correlation between the
functional and morphological polarization for external hair cells
is the same as for hair cells in the vestibular apparatus and the

lateral line organs.
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Consequently, the frequency of microphone potential generated by
the hair cell must be equal to the frequency of the stimulus. In
the cochlea and in the ampullar cristae the hair cells are oriented
in one direction, and the frequency of microphone response is equal
to the frequency of the stimulus (Tasaki et al, 1954). In the
cochlea, the centrioles of the external hair cells are oriented in
a radial direction opposite Corti's tunnel (Flock et al., 1962;
Engstrom et al., 1962). Békésy (1953) showed that displacement of
the vibrating needle in the direction of the spindle leads to
depolarization, and the opposite displacement elicits hyperpolar-
lzation. In the ampullar crista of the horizontal semicircular
canal a displacement of the cupula in the direction of the ntric-
ulus appears to be excitory (Lowenstein, Sand, 1940; Trincker,
1957) and corresponds to a direction of displacement toward the
kinocilia (Lowenstein, Wersall, 1959).

Fig. 12. Schematic Drawing
Illustrating the Theory of the
Generation of Microphone Poten-
tial in the Lateral Line Organ
(Flock, 19655).

(A) Theoretical Form of a Micro-
phone Potential with Oscillation
of the Cupula Around a Neutral
Position; (B) The Same with
Oscillation of the Cupula Dis-
placed Relatively Neutral to the
Left.

(a) and (b) Oppositely Orientated
Hair Cells; (1) Amplitude of Dis-
placement of the Cupula from a
Relatively Neutral Position; (2)
Amplitude of Microphone Potential,

v (&F

The microphone response of the lateral line organ has a frequency
equal to double the frequency of the stimulus (Jielof et al, 1952;
Kuiper, 19563 Flock, 1965). But in this organ there are two groups
of hair cells which are oriented in opposite directions. Conse-
quently, the registered microphone potential is the sum of potential
generated by two groups of cells and the double frequency is ex-
plained, correspondingly, by the superposition of two opposite
responses (Flock, Wersall, 1962). The inequality of simultaneously
generated potentials is a necessary condition of the fact that
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nevertheless it is possible to register the microphone response,
since 1in the opposite case they would extinguish <1e another. The
fact that depolarization is greater than hyperpolarization follows
from the fact that impulse displacement of the cupula in any dir-
ection always causes a negative shift of potential (Flock 1965).
Consequently the theory must assume, at least for the lateral line
organs, nonlinearity of receptor functions.

The explanation given by Flock (1965) for the generation of
normal symmetrical microphone response is presented in Figure 12A.
In this figure, in a Cartesian system of coordinates, transmission
"input-output" functions of two hair cells, oriented in opposite
directions, are constructed. The abscissa represents the displace-
ment of the cupula or of sensory hairs, and the ordinate indicates
the negative or positive receptor potential, i.e. depolarization
and hyperpolarization respectively.

"Input" is the oscillatory shift of the cupula with vibrational
stimulation presented in the form of a sinusoidal wave from the same
abscissa, but time is plotted along the ordinates. The "output" is
represented on the right; the microphone potential is on the ordi-
nate; time on the abscissa.

During the first half of the period of stimulation the cupula
is displaced, relative to the cell, in the excitory direction, and
cell a responds with a gradual deformation, which at each moment
is proportional to the shift of the cupula. Simultaneously the
elicited response of cell b is hyperpolarization since it is stimu-
lated in the direction from the kinocilia to the sterocilia. During
the second half of the period cell b is excited and the activity of
cell a is suppressed. Insofar as depolarization is always higher
than hyperpolarization, the microphone output during each half of
the period consists of one negative crest and has a fregquency equal
to twice the frequency of the stimulus (see Fig. 10). In every
moment consequently, the registered microphone potential represents
the result of the summation of depolarization and hyperpolarization.
This conclusion has a serious relation to the question of energetic
balance on the lateral line organ. If electrical energy emitted
by the organ exceeds the mechanical energy of the stimulus, the
generation of a microphone potential appears as a process demanding
the application of energy from sources other than the stimuli and,
most probably, from sources distributed in the hair cells them-
selves and therefore appears as a truly biological sensory effect.
If this is not so, then the microphone potential may simply be a
physiological effect, such as the piezoelectric effect or a physic-
al displacement of molecular chains. Békésy (1951b) showed that
the energy of the cochlear microphone response is greater than the
energy of the stimulating cells. However, in similar measurements
on the lateral line organ, Jielof et al. (1952) found that the
energy of the recorded output is equal approximately to the energy
of the stimulus. Subsequently de Vries (1956) indicated possible
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errors in the calculation. It follows from the concept of Flock
presented here that changes in potential which take place in the
sensory epithelium of the lateral line organ are in fact greater
than those which are registered. Thus, in this organ the energy
of potential change, represented by the microphone output, is

greater than the mechanical energy of the stimulus (Flock, 1965).

In Figure 12B the theoretical effect of static displacement
of the cupula on the microphone potential is schematically dia-
grammed. The cupula is shifted by half the amplitude of stimu-
lation to the left, which corresponds to a rostral displacement on
the preparation, and it oscillates relative to this position. The
displacement imparted to the cupula is transmitted by the sensory /35
cells. It is represented in Figure 12B by the deflection of sen-
sory hairs. When stimulation begins, hair cell a is already in a
depolarized operative condition. During the first half of the
period, depolarization increases in proportion to the given dis-
placement. During the second half of the period, the amount of
depolarization diminishes up to the time when the cupula passes
the equilibrium position. Further displacement to the right causes
hyperpolarization. For hair cell b the imparted static displace-
ment appears as hyperpolarizing, in that it displaces the sensory
hairs in the direction from the kinocilia to the sterocilia. Dur-
ing the first half of the period, this cell functions in a condition
of elevated hyperpolarization, and it produces depolarization only
during that part of the second half of the period when the cupula
has passed the neutral position. The registered microphone output
appears as the sum of responses and 1s characterized by an increase
in the negative crest, corresponding to rostral oscillation, which
precisely corresponds to the microphone response, registered with
experimental displacement of the cupula in a rostral direction.
If the cupula oscillates with static displacement to the right of
the neutral position, a shift of 180° appears which is observed
even experimentally. Similar action of static displacement and
microphone potential was noted also by other investigators (Jielof
et al., 1952; Kuiper, 19563 Harris, van Bergeijk, 1962), but it
was given another explanation. Zant (1937) discovered that static
displacement which inhibited the afferent discharge suppressed the
response to vibration in innervating nerve fibers. Evidently this
dependency between displacement of the cupula and the character
of microphone response is reflected by the frequency of impulsation
in nerve fibers.

Figure 12B shows that with an increase in static displacement
of the cupula, the amplitude of the negative crest will increase
and, when the displacement becomes equal to the amplitude of
vibration, the second harmonic disappears. With an increase in the
amplitude of oscillation the displacement increases, which is nec-
essary in order to analyze the second harmonic, as confirmed by
the experiments of Flock (165) and earlier noted by Jielof at al.
(L952) and Kuiper (1956). However 1in experiments the transition
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period from the double frequency of microphone response to a single
frequency takes place with a displacement greater than the ampli-
tude of oscillation. This can be explained only by the phase-tonic
reaction of the receptor, caused by the partial slipping of the
cupula due to its plasticity, or by the adaptation of the sensory
cells. This conclusion is based on the experimental fact that the
effect of static displacement is greater when the displacement be-
gins, after which it weakens somewhat.

The intensification produced by

static displacement of the cupu-
la corresponds to the effect of
\ /’ superposition described by de
A Vries et al. (1955) and Kuiper
\\J/ (1956). 1If instead of a static
a b displacement a low frequency vi-

bration is superimposed on high

of high frequency microphone re-
\ f\‘ / sponse Iin the negative phases

of low frequency response is ob-
served (Fig. 13). Consequently,
A B the effect of superposition
indicates nonlinearity of the
transmission function of the

Fig. 13. The Effect of Super- sensory cells.

position of Low and High Fre-

quency Vibration on the Micro- In Figure 12 the nonlinear-

phone Response. ity of the "stimulus-response'
curve 1is presented on a linear

(a) Low Frequency Vibration, scale with a sharp change in

(b) Superposition of High and slope of the curves, on which

Low Frequency Vibration; the values of depolarization and

(A) Microphone Response to hyperpolarization are plotted

Low Frequency Vibration; for various amplitudes of dis-

(B) The Same on & Superposition placement in opposite direction.

ot Low and High Freguency Vi- Such a very approximate idea of

bration (de Vries et al.,1955). nonlinearity was applied by

Flock for simplicity's sake. The
microphone output with such a transmission function would have the
shape of a distorted sinuscidal wave with the oscillation of the
cupula around the position of equilibrium and would precisely re-
produce a sinusoidal waveform of the stimulus if stimulation took
place with a static displacement of the cupula which was equal to
or greater than the amplitude of stimulation. However, as was
shown in Figure 10 this does not take place.

Insofar as it is known that biological phenomena are often
subject to exponential laws, Flock examines the possibility that
the emission function of the hair cell is also exponential. Imn
this case the graphically constructed waveform of the microphone
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response precisely corresponded to that observed in the experiment.
Intracellular registration of cellular activity must show whether
the emission function of the hair cell actually is exponential.
There are data, although still incomplete, indicating the non-
linearity of the sensory response in other organs of the acoustico-
lateral system. Thus in the ampullar cristae Trincker (1957) dis-
covered that the degree of depolarization attains a higher value
than that of hyperpolarization, due to the displacement of the
cupulas in the opposite direction. The well-known Ewald's law
(1892) asserts that in the horizontal canal an excitory response

to rotational stimulation must be greater than the inhibitory
response elicited simultaneously in the opposite canal. Moreover,
de Vries at al. (1955) demonstrated the effect of the superposition
of microphone potential on the ampullar cristae of the pigeon.
Consequently, even in this organ the sensory response 1s subject

to a nonlinear function.

As was indicated above, the general theory of hair cell func-
tion asserts that displacement of sensory hairs in the direction
from the sterocilia to the kinocilia appears as excitory and is
accompanied by depolarization, i.e. by negative potential of the
endolymph and an increase in the discharge frequency of the inner-
vating nerve fibers. A displacement in the opposite direction
causes hyperpolarization and inhibits afferent discharge. Thus,
the hair cells are directionally sensitive and signal the direction
of stimulation of bilateral modulation of sensory response. Hence
Flock (1965) comes to the conclusion that displacement in a dir-
ection perpendicular to the orientation of the cells cannot be an
effective stimulus,

As is shown in Figure 11, directional sensitivity of the
organs approximately corresponds to the cosines of the output, gen-
erated during stimulation along the axis of the canal. It would
be so in the case where a stimulus which generates a microphone
potential would appear as a displacement vector component corres-
ponding to the axis of canal. A purely cosinusoidal function
would give two circumfereuces tangent at the beginning of the co-
ordinates. On the same diagram, with a declination of the stimu-
lating direction from the axis of the canal, the response is greater
than the given cosine function, and correspondingly the response
is not zero when the direction of stimulation is perpendicular to
the axis of the canal. But from an electromicroscopic investigation
(Flock, 1965) it is known that although the hair cells are basic-
ally oriented parallel to the axis of the canal, there are occasion-
ally deviations by 10-15° from the main orientation. For these
cells, displacement which is perpendicular to the direction of
primary orientation will still have the displacement vector compo-
nent, which is an effective stimulus, if the directional sensitivity
of a single hair cell is defined by a cosinusoidal function. 1In
this case the difference between the recorded and the theoretical
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characteristics of the directional sensitivity of the organ may be
explained by the overlapping responses of a single hair cell,

Direction of stimulation in innervating nerve fibers is sig-
nalled in both the lateral line organ (Sand, 1937) and the epiderm-
al organ (Gorner, 1962) by bilateral modulation of the spontaneous
discharge frequency. Displacement in one direction is excitory,
displacement in the other direction is inhibitory. There are two
groups of nerve fibers which are excited by a displacement in
opposite directions. Insofar as there are two groups of hair cells,
oriented in opposite directions, it is very probable that each
nerve fiber innervates the orientated hair cells equally (Flock,
Wersall, 1962; Gorner, 1963). Gorner (1963) showed that in each
nerve fiber the afferent discharge frequency is greatest when the
stimulating direction is parallel to the orientation of the hair
cells, since it is only slightly higher than the frequency of
spontaneous discharge if the direction of stimulation is perpendic-
ular to this orientation. However, he ascribes this difference in
the direction of stimulation not to the directional sensitivity of
the sensory cell, but to the mechanical characteristics of the
cupula, which is asymmetrical in the animal that he investigated
(the frog Xenopus laevis). Békésy (1953) stimulated the hair cells
of Corti's organs, applying the vibrating needle to the membrane
tectoria. He discovered the negative phase of microphone response
corresponding to a shift of external hair cells in the direction of
Hensen's cells, and the positive phase to a shift in the direction
of the spindle. The directivity pattern approximately, but not
precisely, corresponded to two circles. External hair cells were
oriented so that the centriole was turned toward Hensen's cells
(Flock, et al., 1962; Engstrom et al., 1962). Although basically
the external hair cells were oriented in the direction of Hensen's
cells, there are deviations in orientation analagous to those seen
in the lateral line organ (Flock et al., 1962). Consequently it
is very possible that a deviation of the directivity pattern from
a circle, observed by Békésy, has the same explanation as the one
proposed by Flock (1965) for the lateral line organ. Thus with
any direction of stimulation there is always a displacement vector
component which corresponds to the orientation of a single hair
cell and defines the value of the microphone potential. The fact
that the directivity pattern does not precisely correspond with
the cosinusoidal function, does not refute this conclusion.

In Figure 12b it is demonstrated that while the value of
static displacement of the cupula does not exceed the amplitude
of oscillation, the peaks upwards of the directional peaks of
microphone response touch the base line corresponding to the value
of the rest potential. Positive peaks "break away" from the base
line, and a shift in potential arises only when the inclination
of the sensory cells is greater than the amplitude of oscillation.
But the experiments of Kuiper (1956) and Flock (1955) show that with
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oscillation of the cupula around the position of equilibrium, there
is a slow negative shift of potentials which is superimposed on the
microphone response. Therefore a negative shift in potential is
not connected with static displacement of the cupula or with a
unilateral inclination of the sensory cells. In the cochlea a
similar negative summary potential was observed, but under certain
conditions it can be positive (Davis, et al., 1958). In the
cochlea, changes in the potential of different signs are due both
to static displacement in opposite directions and to oscillations
(Tasaki et al., 1954; Békésy, 1953) and reflect a deflection of
sensory cells in specific directions, In the lateral line organs
the electrical effect of vibrational and static displacement are
also closely interconnected and correlate with the directional
sensitivity of a single hair cell. Displacement of the cupula,

by which the hairs are bent in the direction of the kinocilia,
leads to depolarization, and displacement in the opposite direc-
tion causes hyperpolarization.

In the lateral line organ, the stimulus-reaction relationship
of the hair cell is a nonlinear function in which, as Flock assumes
(1965), with a symmetrical vibrational bending of the sensory hairs,
the amplitude of negative response 1s greater than the positive
one. If these changes in potentials are integrated in time, then
we will obtain a negative shift in potentials. It is assumed that
the negative shift in potential observed in symmetrical oscillatory
stimulation of the lateral line organs is created by the nonlinear-
ity of the transmission function of the hair cell and is caused by
the action of the cellular integrating mechanism, which sums the
available microphone potential in time.

Potentials of Receptor Elements and Their Change
Under the Action of Alternating Linear Accelerations

In this section we will present the results of our own investi-
gations with intracellular registration of potentials of sensory
cells and impulse activity of nerve endings in the utriculus and
sacculus, both at rest and with the animals in motion.

Experiments? were completed on 12 narcotized (chloralose
40 mg/kg + nembutal 10 mg/kg) cats and 25 pike (without narcosis).

The cat's head was held firm by conducting one malar holder
of a sterotaxic instrument (fixed on an oscillating stand) to the
vault of the skull, preliminarily cleaned of parietal muscles; the

other holder was connected to the surface of the palate. Occular
holders lead: (1) to the inner surface of the upper front teeth;
) I - B - §

B. B. Yegorov took part in conducting the experiment.
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(2) to the edge of the orbit. Thus the position of the animal on
the stand was on its side (Fig. 1u).

Fig. 14, Position of the Animal on the Oscillating
Stand. The External Chassis of a Direct Current
Amplifier "Disa" and the Feeding Part of a Micromanipu-
lator, Fixed to the Frame of a Sterotaxic Instrument.

The concha auriculae with its adjacent muscles was separated
from the animal held in this position; then with sharp optic
scissors the bulla ossea was sectioned, and under the control of
an MBS-2 stereoscopic microscope the lacertus was cut through be-
tween the foramen rotundum and the foramen ovale. After a sufficient
removal of bone with a fine hook from behind and in a medial dir-
ection from the foramen ovale the bubble of the utriculus was found.
If the utriculus was injured during the operation, then its walls
fell together and it was no longer visible in the microscope; upon
leading a microelectrode to it, bio-electric activity could not be
registered.

Holding the pike was accomplished by conducting ear holders
for rabbits to the branchial bones and by a supplementary fixing
of both jaws. At the time of the experiment, every 3-5 minutes
water was passed along a rubber tube introduced into the oral
cavity. After opening the pectoral bones of the skull at 2-3 mm
in a lateral direction from the central line, formations of the
vestibule of comparatively large sizes were found: wutriculus 1.5
x 1.5 mm; sacculus 2.5 x 2.5 mm.
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Potentials of the sensory epithelium were picked up by a
glass microelectrode filled with 3 M solution of Cl.

Impulse activity of the nerve ending was registered with the
aid of a UBT amplifier 1-0.l1; intracellular potentials were regis-
tered with a direct current amplifier made by "Disa Electronics',
having an insignificant zero drift, a grid current less than +
10-12A, input resistance 10!2 ohm, input capacitance 50 pF (possibly
less by 50 times), maximum compensating capacity 200 pF, upper lim-
it of dynamic band 200 Mohm, transmission band 8 MHz.

Mechanical static arising during the vibration (which was made
in the vertical plane) was removed by "cut-off" frequencies lower
than 150 Hz.

With intracellular leads (electrode resistance 50 - 100 Mohm)
the external chassis of the "Disa Electronics" direct current
amplifier was fixed to the vibration stand, whereby the wires from
the electrode to the amplifier were insulated and maximally short.
With registration in the region of the macula utriculus in cats,
we did not once succeed in registering any spontaneous activity,
although in fish it was always found.

An insignificant displacement of the stand or movement of the
experimentor in the room caused a noticeable appearance of rhythmic
activity in the form of activity potentials of amplitude on the
order of 250 uV.

With any change of the animal's position in space the interval
between the impulses was the same (Fig. 15). In the given figure
it is apparent that the impulse activity in the nerve endings of
the left utriculus is activated with various changes in the position
of the animal. However, the most pronounced changes were observed
with changing the position of the animal in the vertical plane.
With an increase in the vibration amplitude the frequency of impul-
sation increased (Fig. 15c¢ and d). Analogous changes were observed
for fish.

The facts we obtained indicate that the same nerve ending of
the utriculus respondssimultaneously to forward, backward and later-
al inclinations (cf. Chap. 2). We did not succeed in obtaining any
distinct regular laws of change in impulse activity in the macula
sacculus (4 experiments) with vibration.

As was noted above, the experiments were conducted with the
cats on their side, which caused a displacement of otoliths to the
medial plane. Possibly the absence of spontaneous activity is
explained by the corresponding polarization of the hair cells in
the region of the macula utriculus to which we attached the elec-
trode. The endolymph of the utriculus in the condition of rest
had, relative to the perilymph, a potential of 20-25 mV.
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Fig. 15. Change of Impulse
Activity of the Nerve Endings
of the Left Utriculus with
Various Shifts in Position of
the Animal (Cat).

(a) Original Picture; (b) Ac-
tivity with Motion of the Exper-
imenter in the Chamber; (c,d)
With Vertical Vibration with an
Amplitude of Motion of the

Stand 10 and 25 cmj (e,f) With
Inclination in the Frontal Plane
by 45° Respectively Left and
Right; (g,h) Inclination of the
Head from the Original Position
Down and Ups; (i,j) With Turning
the Stand into Horizontal Plane
Counterclockwise,

Upon conducting the elec-

trodes in the direction of the /42

macula a negative jump in po-~
tential on the order of 38 mV
(one cell), 40 mV (four), 42
mV (one), 45 mV (four) and 46
mV (one) was noted. An increase
in potential in the last case
probably was caused by punc-
ture of the sensory cells.

The absence of a morphological
control did not permit us,
however, to categorically con-
firm that the registered po-
tentials were potentials of
only the sensory cell and not
of the supporting cell as well.

With the animal on its
side the rest potential was
stable. A change in the ani-
mal's position in the vertical
plane caused a change in po-
tential in 7 of the 11 regis-
tered cells. With each vibra-
tion a depolarization on the
order of 10 mV arose, having
relatively sharp ascending
components and a sloping
descending component.

We did not succeed once
in registering potentials of /4
activity with intracellular T
leads.

It is possible to assume
that in the sensory cell of
the vestibular apparatus only
a receptor potential arises.

The absence of a reaction
in 4 cells can be explained by
the corresponding polarization
of the macula (cf Chap. 2).

Registration of potentials with intracellular leads in pike
from the region of the macula utriculus was successfully accomplished
only two times, inasmuch as the microelectrode, upon being fed up

to the macula, broke by hitting the otolith.
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potential with vibration were in no way different from those which
were observed in cats.

Comparative morphological investigations of the sensory epi-
thelium of the terminal vestibular organs established a single
principle of cellular and subcellular organization of the epithel-
ium.

The sensory regions consist of receptor cells which, together
with supporting cells, form a sensory epithelium, innervated by
peripheral branches of nerve fibers of the vestibular nerve.

Receptor elements of the ampullas of semicircular canals,
utriculus and sacculus, as well as the lateral line organ of fish,
are represented by hair cells which are related to mechano-receptors.
On the upper surface of each receptor cell are located hair bundles
(50-70-100 sterocilia and 1 kinocilium) which project into the
cupula or the otolith membrane. A kinocilium always occupies a
specific topographical position, which creates morphological
asymmetry of the cell; i.e., morphological polarization.

Displacements of the cupula or the otolith membrane by means
of hairs are transmitted by the hair cells. In response to stimu-
lus, the receptor mechanism of the hair cell regulating the flow
of impulses in the innervating fiber is activated. With an adequate
stimulus for the sensory cells a tangential ("cut-off") displace-
ment of the cupula (otolith membrane) in relation to a sensory

epithelium appears. A displacement of the cupula is defined by the
mechanical characteristics of the cupula, which are simultaneously
elastic and plastic. The substance of the cupula is secreted by

cells of the epithelium planum semilunatum, of the transition epi-
thelium and the supporting cells. All these elements also take
part in the secretion of endolymph. One of the basic components

of endolymph is mucopolysaccharides. The correlation of the con-
centrations of Kt and Nat in the endolymph and an analogous cor-
relation of concentrations of these ions in the intracellular fluid
continues to remain enigmatic.

~
=
=

The sterocilia act as levers which transmit the mechanical
energy of the stimulus to the apical zone of the hair cell, where
the roots of the sterocilia are located in the cuticular lamina.
Consequently, they are included in the initial stage of the sensory
perception process in the sensory cell, which leads to the activa-
tion of the bioelectric receptor mechanism. As a result of inclin-
ation of the cells, the sensory cell generates a gradual receptor
potential, the value of which is proportional to the amplitude but
not to the speed of displacement of the cupula (otolith membrane).

Vibration stimulation causes alternating changes of potential,

i.e. a microphone potential, the frequency of which is equal to the
frequency of the stimulus. This potential is registered both extra-
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and intracelullary. The character of the microphone potential
changes with a static displacement of the sensory hairs. TFor the
lateral line organ of fish it is not known whether a static dis-
placement causes a stable shift of potential as in other organs
belonging to the acoustical lateral system.

The electrical energy of microphone potential is greater than
the mechanical energy of the stimulus, and consequently the micro-
phone potential appears not as a purely physical phenomenon, but
as an electrical expression of a truly biological sensory process
which is connected with the metabolic activity of the organ.

The response of the hair cell depends on the direction of
inclination of a sensory hair bundle. This sensitivity is cor-
related with the morphological polarization of the hair cell,
defined by the asymmetrical position of the kinocilium in the
sensory hair bundle. The inclination of sterocilia in the dir-
ection toward the kinocilium causes depolarization, since inclin-
ation in the opposite direction is accompanied by hyperpolarization.
With other directions of stimulation, the amplitude of the gen-
erated receptor potential is proportional to a displacement vector

component parallel to the rows of sterocilia. Directional sensi-
tivity of the cell is indicated by the position of the kinocilium
as well as by its asymmetrical superstructure. However, the very

same correlation can apply to the gradual growth of sterocilia, to
the structure of sterocilia and their roots and to the structure
of a particular lamina. At the present time it is difficult to
judge on exactly what structure the directional sensitivity of the
hair cell depends.

With equal displacements of hair bundles in opposite directions,
the value of the produced depolarization 1s greater than the value
of hyperpolarization. The transmission input-output function con-
sequently appears to be nonlinear, at least with amplitudes of
oscillation greater than 0.1 u.

Vibrational stimulation causes a negative shift in potential /45
which is superimposed on the microphone response. This shift in T
potential is not caused by the constant inclination of the sensory
cell. Its appearance can be explalined by the nonlinearity of the
transmission input-output function, iIf the alternating microphone
potential is summed in time by the cellular integrating mechanism.

Consequently the hair cell possesses a receptor mechanism which
registers a stimulus with the aid of changes in electrical potential.
The character of the stimulus is reflected in the amplitude at the
sign of the receptor potential corresponding to the amplitude and
the direction of displacement of the cupula. The nature of the
receptor mechanism, which directs the generation of receptor po-
tential, is still unknown, and it is also unknown with which
structure 1t is connected.
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CHAPTER II

MECHANICS OF THE VESTIBULAR APPARATUS AND THE
PHYSIOLOGY OF THE VESTIBULAR NERVE

Brief Information on the Anatomy of the
Vestibular Nerve

The inner ear is innervated by the 8 pair of cerebrospinal /46
nerves, i.e., n. statoacousticus. This nerve emerges from the
medulla oblongata at the rear border of the pons Varolii, back of
the olive, near the point of emergence of the facial nerve. The
nerve is surrounded by hard arachnoid membranes, enters together
with the facial and the intermediate nerves accompanied by the
internal auditory artery and vein in the internal acoustic meatus.

In the acoustic meatus the eighth nerve is separated into the
vestibular (n. vestibularis) and the cochlear (n. cochlearis)
branches. N. vestibularis forms, in the internal acoustic meatus,
a fairly large knot, the ganglion vestibularis (Scarpae).

In animals the lower branch of the vestibular nerve is dis-
cerned which has two subsections: to the ampulla of the rear semi-
circular canal and the saccular nerve, and the superior, which is
divided into nerves to the ampulla of the horizontal semicircular
canal, to the ampulla of the forward semicircular canal and to the
utriculus (Fig. 16).

Lorente de No (1926) and Poljak (1927) distinguished three
types of fibers inside the vestibular nerve:fat, medium and thin.
Defining the spectrum of diameters of these fibers in man, Engstrom
and Rexed (1940) found that 88.5% of the fibers had a diameter of
from 2-9 u and only 4.2% were thinner than 2 u. Gracek and Ras-
mussen (1961) present the following data of the spectrum of diameters
of the myelin fibers of the vestibular nerve in the guinea pig,
cat and monkey; in the cat 38% of the fibers with a diameter from
1 to 2.5 u, 50% from 2.5 to 5.0 p, and 12% from 5 to 10 uj; in the
monkey 38% with a diameter from 1 to 3.8 u, 42% from 3.8 to 5.0 u,
and 20% from 5 to 9.0 u; in the guinea pig 51% from 2.5 u and less,
42% from 2.5 to 5 u, and 7% from 5 to 8 u.

In man the gemneral number of fibers is from 14,000 to 24,000
(A. Rasmussen, 1940).
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Concerning the peripheral distribution of various types of /47
fibers the careful investigations of Lorente de No (1926) and T
Poljak (1927) respectively on mice and man gave compatable results.
These results can be summarized in the following way: the thickest
fibers supply the peaks of the crista and chiefly the oral portions
of the maculae. Each thick fiber is subdivided into a small number
of ramuli (2-4) ending around the pase of the pitcher-shaped
sensory cells (the scythoid endings). The fibers of average thick-
ness provide chiefly the peripheral portions of the cristae and
maculae and in somewhat smaller calexes and the calexes formed by
thick fibers (Poljak, 1927), but they additionally form an intra-
epithelial plexus. These fibers have a sufficiently broad distribu-
tion and significant amount of overlapping is observed, (Lorente
de No, 1926). The thinnest fibers are scattered on all the sensory
epithelium (Poljak, 1927) and end in the form of an intraepithelial

plexus of thin fibers.
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Fig. 16. Subdivisions of the Vestibular Nerve and the Location of

the Labyrinth in the Human Skull. Form of the Labyrinth in the

Direction Indicated by the Arrow I: 1,2,3, Respectively, the Hori-

zontal Rear and Foreword Semicircular Canals; 4. Utriculus;

5. Sacculus; 6. and 7. Upper and Lower Scarpa's Ganglions; 8. Vestib-

ular Nerves; 9. Facial Nerve; 10. Cochlear Nerve (Weaver, 1965).
Petroff (1955) observed that all the thin fibers which are /48

normally contained in the sensory epithelium of the vestibular

apparatus of the cat, disappear in 10-20 days after section of the

vestibular nerve. After a short period of survival there can be

found signs of degeneration in these fibers. On the basis of his

own data Petroff (1955) concluded that these fibers are efferent.
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TABLE 3. THE NUMBER OF FIBERS IN THE VESTIBULAR NERVE AND ITS BRANCHES
(Gacek, Rasmussen, 1961)
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According to Gacek (1960) the number of efferent vestibular
fibers is not great (around 200) in comparison with the general
amount (around 12,000) of fibers in the entire vestibular nerve of
the cat.

The study of the nuclei of the efferent system of the eighth
nerve of guinea pigs and rabbits was conducted anatomically,
embryologically and histochemically (Rossi, Cortensina, 1963). In
this way it was established that there are 5 bundles of fibers in
the composition of the efferent vestibular and cochlea systems.
Two of these exist from the upper olive complex, the third from
the cells of the reticular formation of the medulla oblongata, the
fourth from a group of the lateral vestibular nucleus and the fifth
from a nucleus not previously described, designated as the inter-
mediate vestibular nucleus. This nucleus is situated dorsal and
medial of the cranial portion of the lower vestibular nucleus and
ventral of the caudal portion of the latter nucleus and consists
of 100 to 170 multipolar cells with long dendrites. Of these 5
bundles of fibers, 4 are straight and 1 (the first) is criss-
crossed (Fig. 17).

The study of retrograde degeneration of bundles after the
destruction of the cochlea and the various portions of the labyrinth
show that basically the first and second bundles innervate the
cochlea, the third the cochlea and the rear labyrinth, the fourth
and the fifth are directed to the macular and ampullar sensory
epithelium.
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Fig. 17. The Efferent, Cochlear and Vestibular Systems. (1) The /49
Knee of the Facial Nerve; (2) The Nucleus and Fibers of n. abducens;-—_
(3) The Nucleus of the Trapezoid Body; (4) Accessory Nucleus of

the Olive; (5) Superior Lateral Nucleus of the Olive; (6) Medial
Preclive Nucleus; (7) Lateral Preolive Nucleus; (8) Lateral Vestibu-
lar Nucleus; (9) Intermediate Vestibular Nucleus; (10) Inferior
Vestibular Nucleus; (11) Nucleus and Descending Root of the Trigeminal
Nerve; (12) Descending Root of the Trigeminal Nerve; (13) Dorsal
Cochlear Nucleus; (14%) Striated Body; (15) Ventral Cochlear Nucleus;
(16) Facial Nerve; (17) Vestibular Branch of the Eighth Nerve with

2 Roots Superior and Inferior; (18) Cochlear Branch of the Eighth
Nerve; (19) g. Scarpa; (20) Small Bundles of Efferent Fibers, Which

End at the Level of g. Scarpa; (21) Oort's Anastomosis; (A) Inter-
secting Efferent Cochlea Bundle; (B) Direct Reticular Bundle;

(C) Direct Efferent Cochlea Bundle; (D) Direct Dorsal Efferent
Vestibular Bundle; (E) Direct Ventral Vestibular Bundle; (F) General
Bundle of Various Groups of Efferent Fibers (Rossi,Cortensina, 1963).

Mechanics of the Semicircular Canals and Physiology
of the Ampullar Nerve

At first the mathematical description of the physical phenomena,
taking place in the semicircular canals with rotational movements,
was given by Mach (1874), Gaede (1923) and in 1926 by Rohrer and
Masuda. At the time nothing was known about the mechanical charac-
teristics of the cupula and naturally these characteristics were not
reflected in the equations of the movement of the endolymph given

by the authors.
Steinhausen (1931) in excellent experiments on live pike

showed that the cupula as a whole overlaps the ampulla of the
semicircular canal, and having passed from the position of equilib-
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rium under the action of its own elasticity it slowly (20 seconds
and greater) returns, pushing endolymph before it. This principle

(4

Pressure

difference
P w0
2

X
b
Fig. 18. Influence of the Form of the Semicircular Canal Upon its /50
Function. (a) A Semicircular Canal of the Correct Round Form;

(b) A Canal of Derivative Form, Rotating With Angular Acceleration
@ Around an Axis Passing Through the Zero Point (Groen, 1956).

important observation, repeated later by Dohlman (1935) permitted
Steinhausen (1933) to advance a hypothesis that the cupulo-endo-
lymphatic system must be considered to be a single mechanical system
possessing the characteristics of a twisting pendulum with great
friction. It is interesting that Schmaltz (1932), who met with
Steinhausen and saw his experiments, did not consider the elastic
forces of the cupula in his precise mathematical analysis of the
motion of the endolymph.

The theoretical development and comprehensive experimental
testing of the Steinhausen hypothesis is found chiefly in the works
of the Utrecht school of investigators (van Egmond, et al., 1949,
1952; Groen et al., 1952; Groen, 1956, 1957; Hartog, 1963).

With this conclusion, equations of the endolymph motion in
the semicircular canal proceeded from the following assumptions:

(1) The semicircular canal is a closed canal entirely filled
with a homogeneous viscous noncompressible fluid;

(2) A cross section of the ampulla of the semicircular canal
is completely overlapped by the weightless elastic cupula, subject
to Hook's law;

(3) The viscous and elastic characteristics of the cupula
endolymphatic system are unalterable;

(4) Component velocities of the endolymph in a cross section
of the canal can be considered to be small;

(5) The rotation of a semicircular canal of the correct ring /51
shape (toroidal) around the axis is considered, passing through the
center of a circle bounded by the canal (Fig. 18a).

The latter assumption is not obligatory (Bauminger, 1941;
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van Egmond et al, 1952, de Vries,
Actually, suppose that a canal of
counter-clockwise with an angular
perpendicular to the plane of the

1956; Groen, 1957; Weaver, 1965).
the derivative shape revolves
acceleration o around an axis
canal in passing through the zero

point (Fig. 21b). The endolymph in the semicircular canal will be-
gin a motion in the reverse direction relative to the walls of the

canal, creating along one side of the cupula a region of elevated
pressure,along the other a region of lowered pressure. We will
consider the element of the tubule di with coordinates of the center
of gravity X and Y relative to the center of rotation. The pro-

jection dZ on the abscissa axis is dx, on the ordinate axis dy.

The X-component of force acting on this fluid element can be pre-
sented in the expression +aypsdx, and the Y-component by the
expression axpsdy, where p is the density of endolymph and s is the
cross section of the canal. Then the drop in pressure on the
cupula will be defined by the contour integral

P:ap(&ydx__xdy_.—_zapzu (1)

Z 1is the area bounded by the canal.

Thus, neither deviations from the ideal ring-shape, nor distri-
bution of the axis of rotation has an influence on the drop in
pressure and consequently on the motion of the endolymph if the
area bounded by the canal remains constant.

Having represented the semicircular canal in the form of a
section of a tubule closed at the ends, in which a flow of fluid
is absent, Morgan et al. (1943) came to the conclusion that the
reaction depends upon a location of the axis of rotation. It is
necessary to note that an expression for the drop in pressure
obtained by these authors is automatically converted into form (1)
if we turn the tubule into a ring.

With the assumptions enumerated above and in the absence of
external perturbing forces, the differential equation of endolymph
motion in the semicircular canal is defined by the balance of the
moments of the forces of inertia, viscous friction and elastic

forces;

194 c64+k0=0 (2)
or

6+ 40+-70=0, (3)

where 0, é, ) are, respectively, the angular displacement, the
angular velocity and the angular acceleration on the endolymph on
the axis of the canal relative to its walls; I is the moment of
inertia of the endolymph ring, g-+cm?; ¢ is the coefficient of the
moment of the forces of friction, g-cm?/sec-l; k the coefficient

e
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of the moment of elasticity forces, g-cm2/sec~2.

Equation (2) describes not only the motion of the endolymph
but also the motion of the cupula. Let r be the radius of the
canal, F the radius of the ring and 6 the angular displacement of
the endolymph (Fig. 18). Insofar as the cupula closely abuts the
ampulla, then the volume of displaced endolymph in the canal 7R
and the volume of the endolymph displaced by the cupula, having
at the same time turned around to the angle B relative to the center

of the crista, V% , must be equal then

weril?
Vv ' (u)

where ¥V is the volume of the ampulla.

If we assume that the ampulla has a hemispheric form then

3
4 2 Eﬁ—, where h is the radius of the hemisphere. Substituting

thisaexpression and the values R = 0.3 cm, » = 0.003 cm, 2 = 0.1
cm into formula (4) we obtain B8/6 = 1 (Groen, 1957). We will
arrive at the same result using the mean value of the amount

, defined by the measurement of the sizes of the semicircular
canals on 44 types of animals and equal to 0.0509 + 0.026L (Jones,
Spells, 1963).

Thus the angular displacement of the endolymph and the angle
of rotation of the cupula are not only proportional (which would
be sufficient in order that, by a simple change of the angle 6 to B,
the equation of motion of the endolymph could be converted into
an equation describing the motion of the cupula), but are values
of one magnitude.

Steinhausen did not define the coefficients I ¢ and k of the
differential equation (1) in pike and therefore could not confirm
his hypothesis quantitatively. This was done by Groen and his
coauthors (Groen et al., 1952) for the labyrinth of the skate and
by Hartog (1963) for the labyrinth of the frog.

An approximate solution of equation (1) for the case of great
friction (supercritical damping, ¢/I >> k/I ) and with the initial

condition 6 = 0, 8 = y where t = 0 =ach that:
.3 c
] —-~—t -
9(¢,z'r—c—(e ¢ —e ! ), (5)
where ¢ is the base of natural logarithms. If a thrust imparts an

angular velocity y to the endolymph, then the cupula, for a very
short interval of time, on the order of 0.1 sec (Groen et al.,
1952; Mayne, 1952) will be displaced at an angle
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Bmax=7';‘- (6)

Insofar as damping ¢ of the cupula-endolymph system is considered /53
large, the equation describing the revolution of the cupula from a —
deflected position into a position of equilibrium will assume the

form

— 1

0y = Onax e . (7)

Measuring the angle of deflection of the cupula in the function of
time with motion to the position of equilibrium, it is possible to
define the ratio k/c.

The representation of the motion of the cupula gives a change
in frequency of impulsation in the ampullar nerve. If we assume
that the change in frequency of the mrve discharge v(z) - vg, where
vqg is the frequency of spontaneous impulsation proportional to the
displacement of the cupula (Morales, 1946; Groen et al., 1952),

the curves 8(¢) and v(¢) - vg must have the same shape. Then
. k)
Vy — Vo = (Vmax — Vo) € ¢ (8)
or
4 Vmax —Veo
L~ Ip———.
k 1 vy — Vo (9)

Hence it follows that a graph of the change of frequency of impul-
sation in the ampullar nerve as a function of time, constructed in
a semi-logarithmic scale, will be a straight line; the tangent of
the angle of inclination of which, through the logarithmic axis,
is equal to e¢/k.

The differential equation of motion of the endolymph for the
case, when the semicircular canal is subject to harmonic angular
oscillation in the same plane has the form

. e S p g
94—794—m&--0)Amnmt, (10)
where w = %% is the angular (or cyclic) frequency, T is the period
of harmonic oscillation, mo::L/§>:.¥E is the angular fre-
(1]

quency, Tg is the characteristic period or the period of free
oscillation of the cupular system, i.e., the endolymph in the
absence of damping; 4 is the maximum altitude, w“4d is the maximum
angular acceleration of a fixed point of the canal.
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An approximate solution of equation (10) for the case of great
friction and where ¢ + oois such that

I .
=~ - t—
oA csm(a) P), (11)
whereby o .
tan ==y o,
wg— [ (12)

where ¢ is the phase difference betwéen the displacement of the
cupula and the canal.

If the frequency w of the harmonic oscillations of the canal
is equal to the characteristic frequency of the cupular endolym-
phatic system then from (12) it follows that tan ¢ = ocoand ¢ = 90°.
This signifies that when any fixed point of the canal reaches its
maximum angular displacement (speed of the canal at this moment
is equal to zero), the cupula passes its position of equilibrium
(angular displacement of the cupula equals to zero) with maximum
speed. When the same fixed point of the canal passes this position
of equilibrium (speed of the canal maximum) the cupula is maximally
deflected (speed of the cupula equal to zero).

Thus in the case of resonance (w = wg) the angular displacement
of the cupula (change in frequency of infiltration in the ampular
nerve) 1s in phase with the speed of the canal. It is also interest-
ing to note that at any moment the displacement of the endolymph
(of the cupula) is proportional to the speed of the canal wd and
not to the acceleration w24, in which the integrating characteristics
of the cupula-endolymph system appear.

Introducing the angle ¢ = 90° - ¢, equal to the phase difference
between the deflection of the cupula (with a change in impulsation)
and to the speed of oscillations, we obtain from (12) that

. m&—w 1

tanﬂ):cot(p:T-?. (13)
where 0 <L ool >To)
tanh =g £ .7, (1%)
the phase difference is positive, and the cupula anticipates a
change in the speed of oscillations. Where w >> wg (T << Ty)
tan1p=—2n—§—;—,~; (15)

the phase difference is negative, and the cupula lags behind.

Measuring ¥ and T, it is possible to calculate the ratio
k/c and e/I.
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Thus, if the hypothesis of Steinhauser that the cupula-
endolymph system must be considered as a super-critically damped
twisting pendulum is true, then experiments based on mechanical
principles will allow the possibility of defining three values of
the relations of the coefficients of the differential equation.

The ratio ¢/k is defined from measuring the changes of impulsation
in the ampullar nerve after a jump-like change in the angular
velocity of the canal and the ratios k/¢ and ¢/I from the measure-
ments of the phase difference between the oscillation of the canal
and the cupula if the frequency of the oscillating motion is greater
or less than the characteristic frequency of the cupula-endolymph
system. The ratio k/¢ will appear as a control for the ratio found
in the first experiment.

Such experiments with the application of electrophysiological /55
methods for recording action potentials from single fibers of the
ampulla nerve of the horizontal semicircular canal were conducted
by Groen and coll. (1952) on a preparation of an isolated labyrinth
of the thorny skate (Raja clavata).

In the majority of single nerve fibers at rest, a spontaneous
impulsation with a constant frequency (total deviation from the

average value of u4%) was discovered. Probably each potential was
produced only by a single sensory cell, or a group of synchronously
impulsing receptors. Upon turning the labyrinth under investigation

on its side (ipsilateral angular acceleration) eliciting an
ampullopetal current in the endolymph and correspondingly in the
utriculopetal deflection of the cupula, the impulsation frequency
rosey; upon turning the labyrinth from the opposite side, with a
contralateral acceleration, eliciting an ampullofugal current in
the endolymph (utriculcofugal deflection of the cupula), the
impulsation frequency fell. A sudden cessation of the turning
motion with a constant speed (a "stop stimulus'") led to the
appearance of a frequency of impulse discharge after the contra-
lateral rotation which, in the given case, corresponds to the
utriculopetal deflection of the cupula and to a decrease in fre-
quency after the ipsilateral rotation (utriculofugal deflection
of the cupula).

Thus, the deflection of the cupula in the direction toward the
utriculus is stimulating for the described type of single nerve
fibers, and therefore stimuli producing a similar deflection are
called positive. A deflection of the cupula toward the canal is
inhibitory and a stimulus eliciting such a deflection is called
negative. There are opposite regularities in the vertical canals:
a deflection of the cupula toward the utriculus was inhibitory,
and a deflection in the opposite direction was excitory.

As a rule, the positive stimulus elicited a larger change in
frequency of rest discharge than a negative stimulus of equal volume,
although a sufficient number of nerve fibers were found,similarly
sensitive to stimuli of opposite directions. This type of bilaterally
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sensitive receptor was described in 1940 by Lowenstein and Sand.
Ross (1936) probably found them but he did not attribute any funec-
tional significance to the rest activity nor to the decrease in
activity with ampulofugal current of the endolymph, ascribing these
phenomena to experimental errors.

However, there are such sensory units (a single nerve fiber
together with all receptors innervated by it) which do not manifest
spontaneous activity, "which are silent" in a rest condition and
which react only to positive stimuli of large values. Possibly
Zotterman (1943) in experiments on pike and burbot, encountered
this type of unilaterally sensitive receptor.

It is interesting that in the statocyst of the octopus (octo- /56
pus vulgaris) in the nerve innervating the longitudinal section of
the complex crista, the receptors of whichreact to angular accelera-
tion in the horizontal plane, all fibers are silent. Impulsation
arises only with rotation in the ipsilateral side (Maturana,
Sperling, 1963).

Diametrically opposite in character are units with an impulsa-
tion frequency notably higher than the average, the activity of
which remains, in general, unchanged for a broad range of positive
and negative stimuli and can only be reduced under the action of a
very strong negative stimulus. Probably the single nerve fibers of
the ampullar nerve, described in 1940 by Lowenstein and Sand and
in 1943 by Zotterman, represent nothing more than this type of
unilaterally sensitive receptor. In contrast to bilaterally sensi-
tive receptors in which, as experiments have shown, it is impossible
to discover an actual threshold since the slightest angular motion
produces a change in impulsation frequency in the nerve fiber,
unilaterally sensitive receptors possess a comparatively high
threshold.

The described components of functional units do not appear to
be absolutely discrete, defining a principle difference between
receptors, inasmuch as al intermediate types between them are found.

For the calculation of constants of the differential equation
(2), only fibers equally sensitive to angular accelerations of
opposite directions are suitable. Actually, from the assumption
that the change in frequency of action potentials in the nerve
fiber is proportional to the deflection of the cupula and from
correlation (6) it follows that

Omax = Vmax — Vo = 7.

(lse)

Plotting this dependency on a graph for each fiber, it is
possible to select those which possess equal sensitivity. Figure
19a depicts a curve connecting the value of the stimulus (y) with
the impulsation frequency in a three-fiber preparation of the
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ampullar nerve of a skate (Groen et al., 1952). The S-~shaped curve
has a rectilinear section (the region of constant sensitivity) in

a band of stimuli from -40°/sec to +40°/sec, and is quite similar
to the known characteristic curves of a triode lamp (Fig. 19b).
Here along the abscissa axis is the anode current. In the presence
of a signal stress, the anode current is defined by grid displace-
ment. In the proposed analogy (Groen et al., 1952) the value of
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Fig. 19. Characteristic Curves of a Three-Fiber Preparation of the /57
Ampullar Nerve of a Skate (a) and of a Triode Lamp (b) (Groen et
al., 1952).

the stimulus (in °/sec) corresponds to the signal stress on the
grid, the impulsation frequency in the nerve to the anode current
and the frequency of spontaneous activity is defined by the "dis-
placement" in that part of the functional unit which is responsible
for the conversion of the mechanical stimulus (deflection of the
cupula) into a discharge of the nerve fiber impulses; that is, in
the membrane of the dendrite fibers encompassing the sensory cell.
If the analogy is true, then by changing the grid conditions it is
possible to shift the working point (frequency of spontaneous
activity) of the receptor unit upwards and downwards along the
characteristic curve. Then the working point of a symmetrical
bilaterally sensitive receptor would lie in the middle of the recti-
linear section of this curve, and equal in strength, but rotational
stimulli in the opposite direction would elicit an equal increase and
decrease in the frequency of spontaneous impulsation. In a

receptor from the working point in the lowest portion of the curve
(point of closure, Vco1) the spontaneous impulsation is absent; it

is silent at rest and reacts only to a positive stimulus which de-
creases the negative displacement. If the working point is

located in a horizontal upper portion of the curve (saturation

point Vg ), the receptor possesses an elevated spontaneous activity

which remains constant over a broad band of accelerations. Only
a stimulus decreasing the positive displacement will lead to a
change (decrease) in the impulsation frequency. These are receptors
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of uni-directional sensitivity possessing a high threshold.

In an investigation of the activity of galvanic polarization
on the sensory epithelium of the labyrinth, Lowenstein (1953, 1955)
showed, that a current passing through the nerve to the sensory /58
endings (depolarizing the epithelium of the crista) leads to the
increase in frequency of spontaneous impulsation, and a current in
the opposite direction (hyperpolarizing) decreases or even completely
eliminates the rest discharge, whereby the activity of the polarized
potential and the response to rotation are summed algebraically.
With the aid of a shift of the working point it is possible to con-
vert a symmetrically reacting receptor unit into an asymmetrically
working one, and inversely. Thus there is a constant collection
of receptor units, differing in initial polarization (displacement)
sensitivity (slope of the rectilinear section of the characteristic
curve) and the maximum value of impulsation frequency (value of
saturation current).

Spoendlin (1965b) further develops the analogy between a
triode lamp and the function of nerve units, drawing a parallel
between the synapsis of a sensory cell and the apertures in the grid
of a cathode lamp. The larger the apertures in the grid and the
more of them there are, then with a given stress on the grid the
current is stronger from the cathode to the anode. Then differences
in the function of silent and spontaneously active units may be
associated with the number and state of synapses of the various
sensory cells. Silent receptors possessing a high threshold would
correspond, then, to sensory cells with a small number of functional
synapses. As was discovered, there are sensory cells with a very
small number or completely without synaptic structures (Spoendlin,
1956b). In Figure 20 in a semilogarithmic scale a dependency of
the change in impulsation frequency of a single nerve fiber after
a sudden deflection of the cupula by a stimulus of 36°/sec is
presented. In correspondence with theoretical considerations it
is rectilinear; the tangent of the angle of inclination of the
straight line © the logarithmic axis 1s equal to 40 and gives a
time constant of the cupula-endolymph system ¢/k.

Figure 21 presents an example of the change in impulsation
frequency of a single fiber with sinusoidal motion of the prepara-
tion. The points of intersection of the sine curve of the change
in frequency with the horizontal line, carried out at the level
of frequency of the rest discharge, indicate moments when the cupula
passes the position of equilibrium (zero deflection). The vertical
broken lines indicate the turning points of the oscillating
motion, and the points of their intersection with the sinusoidal
curve give the phase difference ¥. Thus, the phase difference
calculated from the various preparations is traced in a function of

the logarithm of the oscillation period T on Figure 22. Two branches
of the curve have asymptotes, whose tangents to the angle of incli-
nation are defined by formulas (14) and (15). Hence e¢/k = 22 sec,

e/I = 36 sec, i.e., wg = 1.3 sec™1.
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If the anatomical measurements of the semicircular canal are /60

known, then it is theoretically possible to calculate the ratio
e/I. The moment of inertia I is defined by the rings of endolymph,
including part of the utriculus (van Egmond et al., 1949), which in
Figure 18a is designated by the dotted linmne

[ ==2pn*r?R* (17)

where p is the density of endolymph; & is the radius of the ring;
r is the radius of the canal.

The coefficient of the moment of forces of friction ¢ can be
derived from the Poiseville law insofar as the utricular portion of
the canal introduces a small contribution to the moment of forces
of friction; the length of the canal of damping will be approximately
defined by half the length of the circumferance, that is nR. The
volume of the fluid has a viscosity u, flowing through the canal with
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a round cross section of the radius r and the length #R for time ¢
under the action of the constant pressure P equal to the value

I (18)
V=mnr Spni

From the other side, with an angular velocity of the endolymph of
1 rad/sec (1 rad = 57.3°) for a time ¢t through the canal a volume
of liquid will flow:

V,=nriRt.
(19)

Equating the volumes and performing elementary transformations, we
obtain an expression for the pressure necessary to move a fluid
through a canal with a volume V;

J 8unﬂ3.

r3

(20)

Then the moment of the forces of friction ¢ is defined by the
derivative of pressure on area of the cross section of the canal
and the radius of the ring

¢ == Sun?i3,

(21)
From expressions (17) and (21) it follows that
Lo e
1 pre * (22)

Schmaltz (1932) obtained a value 2 times greater since he took
the entire length of the canal for the calculation of the moment of
inertia and the moment of forces of friction. From a hydrodynamic
point of view, a more preferable solution was given by Egmond et al.,
(1949).

In the skate » = 0.34 mm, p = 1 g/cm3, U = 0.01 poise,
therefore

fl—zsssea'.

The true form of the semicircular canal is more complex than /61
that used for calculation, and the value of the viscosity coefficient
is quite aprroximate; therefore a correspondence between the cal-
culated value and the experimental one is perhaps accidental,
chiefly due to the fact that these values are of one magnitude.
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The characteristic curve (Fig.
mation describes the function of the receptor, insofar as 1its response

depends not only on the stimulus, acting in the moment of time under
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Fig. 23. Change in Frequency of Nerve Impulses in -Two Sensory Units
of One Preparation With Sinusoidal Oscillations (T = 0.76 sec,
wA = 18°/sec. The Revolving Points of the Oscillating Motion Are

Designated by the Dotted Lines. (Groen et al., 1952). (1) Dis-
torted Sinusoidal Curve (Angle of Lead According to Phase 2u4°);
(2) A Less Distorted Sinusoid (Phase Lag 13°); (3) Ideal Sinusoid

For Comparison (in Zero Phase).

consideration, but also upon the preceding stimuli. There is a

kind of "hysteresis"; an "output" after the inhibitory stimulus,
an inhibition of activity after an excitory stimulus, and even a
period of nonexcitability or silence. The general physiological

principle of post-stimulatory inhibition of activity and post-inhib-

itory increase ("output") was observed in the experiments of Groen
et al., (1952), Thus, after a test of revolution with stop stim-
ulus, the frequency of rest discharge often changed in comparison
with discharge before rotation.

The response of the receptor unit to vibratory shaking some-
times presented a clearly distorted sinusoid. In Figure 23 the
change in frequencies of two receptor units of one preparation is
shown. One gives a strongly distorted sinusoid with an angle of
lead according to phase, although lag was expected (Curve 1). A
response of the second unit is less distorted (Curve 2), and is
much closer to a true sinusoid (Curve 3).

The receptor units with a clearly expressed hysteresis were
not taken into consideration for deriving the constants,
as the phase differences obtained with harmonic oscillation of the
preparation were quite small, the distortion of the sine response
with hysteresis has a substantial influence on the measurement
which is seen in Figure 23. Probably,
ments hysteresis leads to increased phases of angle of lead and
decreased phases of lag. According to expressions (14) and (15)

this will give decreased values of ¢/k and increased values of ¢/I.

Hysteresischanges even the value ¢/k obtained in experiments with
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in a large number of experi-
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stop stimulus. However if the influence is limited primarily by
frequencies measured directly after stopping, then the cupula is
maximally deflected. These freguencies were not taken into consid-
eration for the definition of deflection (c¢f. Fig. 20). But in
this experiment nonlinearity of receptor reactions has important
significance. Insofar as in the majority of receptor units the
working point is located in the lower portion of the characteristic
curve (the point V.3, Fig. 19b), nonlinearity leads to a decrease
in the constant k/¢ in expression (7) for the stimulus, producing

a decrease in the impulsation frequency. Thus, ¢/k obtained in
these experiments will be somewhat increased. The influence of non-
linearity on the deflection of the curve after the excitory stimulus
(ampullopetal current) is of the opposite character but usually
much smaller.

The correspondence between the results obtained in experiments
with stop stimulus and with sinusoidal vibration of the semicircular
canal, and theoretically with the calculated values taking the pos-
sible systematic errors into account, is sufficiently good.

It is possible to consider that Steinhausen's pendulum theory
was confirmed experimentally. The differential equation describing
the motion of the endolymph (or the cupula) in the "mean" skate
labyrinth, is such:

6 +356 + 6 = 0. (23)

It is natural that the function of the entire ampullar nerve,
consisting of the described types of single nerve fibers, is very

similar to that of bilaterally sensitive fibers. Thus, all authors
who registered ampullar nerve activity noted the presence of spon-
taneous activity. With the action of positive stimuli, the

impulsation Ffrequency in the ampullar nerve of the horizontal semi-
circular canal increasesj; with the action of a negative stimulus,
it decreases, indicated by the investigations of Lowenstein and
Sand (1936) on the nerve of a shark and in 1940 on the nerve of a
skate, Ledoux (1958, 1960), Hartog (1963) on the nerve of a frog,
Owada and Kimura (1960) on the ampullar nerve of a horizontal canal
of a rabbit.

The dynamic response of a semicircular canal to rotation
undoubtedly depends upon the completeness of the structure of the
whole labyrinth. Any injury which leads to destruction of the con-
tinuity of the labyrinth and the circulation of the endolymph inside
the canal prevents dynamic responses. Thus, an isolated labyrinth
in a skate (Lowenstein, Sand, 19u40b) prepared by bandaging a
severed semicircular canal or a perforated sacculus ceased to react
with excitations or inhibition to angular displacements. Spontane-
ous discharge appears as a characteristic quality of the acoustical
lateral receptors which does not depend upon special structural
characteristics of the labyrinth. It exists while the sensory unit
of the crista are intact and are in good physiological condition.
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The same complete structure of the semicircular canal, ampulla and
cupula defines and limits the mechanical conditions which elicit
deformation of the canal and a consequent change in frequency of
discharge in the nerve.

With a deflection of the cupula a change in impulsation fre-
quency in the whole nerve, because of the presence of unidirectional
fibers which are silent at rest in its composition, will be greater
than in a single bilaterally sensitive fiber. Consequently even the
characteristic curve of the nerve will be shorter than the charac-
teristic curve of the fiber (Ledoux, 1949, 1958; Hartog, 1963).
Restoration of the same frequency of action potentials of the nerve
to the value of spontaneous frequency with the motion of the de-
flected cupula in a position of equilibrium due to the exclusion of
silent fibers will take place more quickly (k/¢ is greater) than in
single bilaterally sensitive fibers. Correspondingly the value of
e/k obtained from multifibered preparations will be lower (Groen
et al., 1952).

Thus, coefficients obtained in experiments on an isolated
preparation of a labyrinth with the registration of action poten-
tials of the whole nerve reflect "viscous elastic" characteristics
of a more complicated system: the '"cupula-endolymph-ampullar nerve'.
The differential equation of such a system for the average frog
labyrinth obtained by Hartog (1963) has the form

6 + (139 + 20)8 + (35 + 29)8 = 0 (24)

This equation is correct for stimulus values in the band of + 30°/sec.
Outside of this band the linear connection between the change in
frequency of the nerve and the deflection of the cupula is destroyed,
and simultaneously phenomena of post-inhibitory output and post-
excitory inhibition arise. Thus there is a physiological limit to

the applicability of the equation.

We will compare the different characteristic curves of the
stimulus: the cutting force acting on the surface of the crista,
the change in potential inside the sensory epithelium (Trincker,
1957), change in frequency of action potentials of a single nerve
fiber (Groen et al., 1952) and a change in the mean amplitude of
the mass discharge in the entire ampullar nerve (Ledoux, 1958).

The curve connecting the change in rest potential of the angle /64
of deflection of the cupula is S-shaped and recalls the sinusoid of
cutting force (Fig. 24), whereby the range of physiologically
important deflections of the cupula corresponds near to the steep
linear central section of the curve.

The S~shaped curve of the change in frequency has a steeper
slope and corresponds only to the central section of the receptor
curve.
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Fig. 24.

Characteristic Curves of

the Receptor System of the Semi-
circular Canals (Trincker,
(A) Cutting Force Acting on the
Sensory Epithelium of the Crista
with Deflections of the Cupula

(1) Mean Zone of the Surface of
(2) Lateral Surfaces);
(B) Change in Rest Potential In-
side the Layer of Hair Cells of
the Crista of the Horizontal Semi-
circular Canal of a Guinea Pig

(I Potential Differences Arising
with Deflection of the Cupula and
(C) Connection
Between Frequency of Action Po-
Ordinate II) in a
Three-Fiber Preparation of the
Ampullar Nerve of a Skate,
Amplitude of Action Potentials

the Crista,

the Rest Potential)

tential (1.

(2.

1962).

Summary

Ordinate III) of the Whole

Ampullar Nerve of a Frog and the
Value of "Stop Stimulus".

A still greater increase in steepness observed in the
characteristic curve of mass discharge is explained by the collection
of units silent at rest with the increase in the value of stimulus,

Bilateral changes in the rest potential of the sensory epithe-
lium, and correspondingly superior and inferior modulation of

spontaneous impulsation of the first neuron, begins from the working

point located in the middle of the rectilinear section of the

characteristic curve,

rations.

which ensures that the terminal organs of
the semicircular canals are very highly sensitive to angular accele-

It is necessary to note that although at the present time the

activity of the ampullar nerve and of single fibers in warm-blooded

animals has not been analyzed as carefully as in cold-blooded
animals, there is little probability that the labyrinth of warm-
blooded animals essentially differs in function from the labyrinth

of the lower vertebrates (Lowenstein,

1956 ;

Gernad,

Gilman,

1960a),

to which the above-mentioned report of Ovada and Kimora (1960)

testifies.

Electrophysiological experiments on the preparation of the
isolated labyrinth of a thorny skate still showed that the semi-
circular canal does not react to gravitational nor consequently to
This result is supported by the

any other linear accelerations.
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data of Wilstrup (195l1la), who studied the inertial characteristics
of the cupula in 1living sharks (Acanthias vulgaris). It is found
that with physiological values of accelerations, the inertia of the
cupula was insufficient to overcome its resistance to motion and

to cause motion along the crista. Only by artificially weighting
the cupula with mercury or with a column of endolymph 3-4 mm long
(diameter of canal 0.8 mm) was it possible to displace the cupula.
Also it must be noted that Parker and von Gierke (1965) with cen-
trifugation of guinea pigs at an acceleration of 100-400 g did not
observe any detachment of the cupula from the crista. On the other
hand, Gernandt (1950), introducing a microelectrode into the
eccentrically positioned head of a cat along the vestibular part of
the eighth nerve at a portion between the intermnal acoustic passage
and the medula oblongata, discovered a change in impulsation in the
fibers supposedly innervating the crista of the horizontal canal.

It is possible that this is explained by the fact that the identifi-
cation of fibers in these experiments was not sufficiently reliable.

If an equation for the cupula-endolymph-nerve system were
quickly found, it would be natural to test whether the solution
given by it corresponds with the experimental data obtained by
rotation of the semicircular canal in its own plane with a constant
angular acceleration a.

The differential equation in this case will have the form
’ ¢ k
8—[——1-9+—1—-9:a. (25)

if with ¢ = 0, 6 = 0 and 6 = 0, then an approximate solution of
this equation (e/I >> k/I) is:

Oza%(l—e_Tt)‘ (26)

Insofar as it follows from the conditions of supercritical damping
that k/¢ is significantly less than unity, then the motion of the
cupula defined by expression (26) will be very slow. Finally
through an indefinitely long time interval (¢ = oo ) the cupula will

attain the maximum deflection /66

0., - o (27)

If as earlier we suppose that the change in impulsation frequency
in the nerve is proportional to the deflection of the cupula, then
with prolonged action of angular acceleration the frequency of rest
discharge must increase slowly, asymptotically approaching the
extreme value defined by the maximum deflection of the cupula (27).
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Ledoux (1961), investigating the electrical activity of the
ampullar nerve of a frog, showed that several seconds after the
beginning of rotation of the preparation at a constant angular
acceleration a change in impulsation frequency in the nerve deviated
from the law predicted by (26); in addition a tendency for the
frequency of discharge to return to the level of spontaneous activity
was observed, despite the continuing action of angular acceleration.

Analogously, if the semicircular canal is constricted so that a
constant angular deflection is imparted to the cupula, after a short
length of time the normal intensity of the changed electrical
activity was restored.

This, while a natural experiment investigating the peripheral
adaptation, possibly testifies to the fact that the pendulum theory
with extended accelerated rotation of the canal 1s not generally
applicable to the "cupula-endolymph-nerve" system.

But in nature animals are never subject to prolonged angular
acceleration, inasmuch as all physiological motions are character-
ized by the fact that after short-term acceleration deceleration
always follows, bringing the acquired velocity to zero. Therefore
applying (26) to short time intervals 1, defined by the condition

=t << 1, we obtain
e

9=ar£=7L,
c c (28)

Thus, for a small period of time T, proceeding from the begin-
ning of the action of constant angular acceleration, the deflection
of the cupula is proportional to the instantaneous angular velocity
v, which is in complete correspondence with the change 6 in oscil-
lating motion, and also Opgx in the experiment with "stop stimulus".

In physiological movement the deflection of the cupula is
always proportional to the instantaneous angular velocity, but not
to the angular acceleration, although angular acceleration is an

effective stimulus for the "cupula-endolymph'" system. The integrat-
ing characteristic of the cupula-endolymph system is expressed by
the equation /67
0= L \ad
‘—75“ . (29)

0

For a physiological motion with an acceleration phase az.. for a
time period from 0 to 1] and a deceleration phase ddecel for a

segment T; - Ty, after which a rest condition begins (6 = 0 and
6 = 0), (29) is expressed in the following way:

0= % (§ otaccdt +_,|adecdt) -= 0, (30)
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In this case the deflection 6, introduced by the acceleration, is
neutralized in the deceleration phase. After the completion of a
physiological movement there is no residual deflection of the
cupula (Groen, 1957).

Concluding the examination of electrophysiological investiga-
tions and the mathematical description of the function of the semi-
circular canals, it is necessary to note that the biological
character of the object introduces the greatest complications into
the simple pendulum model. Thus from the whole collection of
ampullar nerve fibers only the proportional fibers precisely reflect
the motion of the endolymph in the semicircular canals, since the
remaining fibers give a distorted concept of it. But the character-
istic curve of the entire nerve is significantly steeper than the
curve of a single fiber, and consequently the sensitivity of the
nerve 1s higher than the sensitivity of the fiber. 1Insofar as the
curve has a rectilinear section, then, registering a change in
frequency of discharge in the whole nerve with stop stimuli and si-
nusoidal oscillations of the semicircular canal, it is also possible
to attain constants of the differential equation. But this equation
will reflect the "viscous-elastic" characteristics of the cupula-

endolymph-ampullar nerve system.

In single nerve fibers of the ampullar nerve of deaf mice, re-
sponses to sound tone stimulation and to stimulation by clicks
were registered, directed to the semicircular canals with fenestra-
tion of the osseus labyrinth, the character of which is similar to
the response of the auditory nerve (Mikaelin, 1964). All the fibers
reacted to frequencies in bands from 80 to 4200 Hz, the lowest
threshold for the appearance of the reaction being observed at
1500 Hz. A similar type of stimulation of the canals differs from
the usual deflection of the cupula in one direction or another with

physiological movements.

It is important to note that the reaction to sound stimulation
was noted only in mice with a fenestrated labyrinth even a micro-
phone response of the crista of the ampulla was recorded by many
authors (cf. Chapter I). On the other hand, the investigations of /68
Jielof et al., (1952 and Kuiper (1956) on the lateral line organs
of fish showed that removal of a large part of the cupula did not
change the character of the microphone response, i.e., the perception
of mechanical oscillation of acoustic frequency is a characteristic
of the hair cells themselves. Thus, the hair cells of the labyrinth
organs react both tostatic displacement and to the entire frequency
spectrum of mechanical oscillation (Kuiper, 1956; Trincker, Partsch,

1959).

The adaptation phenomenon, which probably does not play such
an essential role in physiological movement, could complicate the

picture even more.
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TABLE 4: REACTIONS WITH SIX SEMICIRCULAR CANALS TO ANGULAR
DISPLACEMENT RELATIVE TO THE THREE AXIS (LOWENSTEIN,
SAND, 1940b)

Semi- ST
Circular Longitudinal
Canal Axis

Right Left

Front Right | Excitation | Inhibition
Vertical

Left Front |{Inhibition [Excitation
Vertical

Right Rear |Excitation {Inhibition
Vertical

Left Rear |Inhibition Excitation
Vertical

Right Reaction [Reaction

Horizontal | Absent Absent ]

Left Reaction [Reaction :
Absent l

Horizontal | Absent

An electrophysiological
six semicircular canals with

primary spatial axes (Table 4).

Position Relative to the:

Transverse
Axis

Right Left
- T .
Excitation | Inhibition
|

Excitation | Inhibition |

|

Inhibition ] Excitation
| f

Inhibition Excitation;
!

Reaction

Absent Absent

Reaction Reaction

Absent

Absent

Inhibition

Vertical

Axis
Right © Left
Inhibition | Excitation
Excitation i Inhibition
!
Excitation ' Inhibition

'
i

'

Inhibition | Excitation

Reaction Excitation ' Inhibition

Excitation

investigation of the respones of all
rotation around each of the three main
spatial axes conducted by Lowenstein and Sand (1940) showed that
the horizontal semicircular canal reacts only to rotation around
the vertical axis, since the four vertical canals react only with
excitation or with inhibition to rotation around any of the three

It must be emphasized that in all

cases the frequencies of response of the canals were completely
identical; the only exception might be in thresholds of responses,

which were actually not analyzed.

The table shows that ‘the four

vertical canals are functionally grouped in pairs with rotation

around the three axes.

So during rotation around the longitudinal /69

axis (deflections to the sides) they are laterally synergic;

during rotation around the transverse axis (inclinations forward
and back) they are transversly synergic, and during rotation around
the vertical axis (rotation in the horizontal plane) they are

diagonally synergic.

canals cannot be explained by simple mechanics.
associated with the fact that the vertical canals are in an earlier
stage of evolution and have a planum semilunatum (Lowenstein, 1950).

There are also complications on a physical order.

The "privileged" osition of the horizontal
P g P
Probably this 1is

Thus,

Vilstrup (1950), defining the horizontal semicircular canal of a
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shark, observed that there was still a displacement of the cupula
with rotation which could only be due to elasticity of the canal
walls. On the other hand, Henriksson et al. (1966) introducing a
fluid into the labyrinth of a fiog, established a linear dependency
between the amount of hydrostatic pressure in the labyrinth and
the amount of fluid introduced. This dependency did not change
essentially even when the liquid was drawn out or with a repeated
introduction of fluid, which testifies to the elastic nature of
the membranous labyrinth.

Thus the walls of the semicircular canal are elastic, are not
hard and therefore have constituent endolymph velocities in a
direction perpendicular to the axis of the canal (cf. Assumption U4).

Judging by the experiments of Kuiper (1956) and Flock (1965),
the cupula of the lateral line organ of fish probably possesses
not only elastic but also plastic characteristics, which in partic-
ular appear under the action of static force. Consequently Hook's
law, used in the derivation of the equation, also has limited
applicability (Assumption 1).

In 1956, S.G. Chebanov, observing the motion of a fluid in a
glass model of the semicircular canal with an ampulla and utriculus
under a microscope with a sudden stop,eliciting ampullopetal
current in the fluid, found that immediately after stopping, a vor-
tex arose first in the ampullar and two counter-vortices were
formed in the utriculus. Thus if in the canal itself the motion of
the fluid is laminar, in the ampullar and utricular portions it is

vortical.

A large glass model of a semicircular canal with an ampulla,
in which there was a densely fitted resinous cupula and a utriculus,
Tonndorf and van Bergeijk (1958) showed that if the entrance and
exit openings of the utriculus were located on one level themn there
were no differences in the deflection of the cupula with ampullo-
petal and ampullofugal fluid motion. The amount of deflection was
linearly dependent upon the flow velocities with a spherical form
of the ampulla and did not depend on the location of the alternating
hydraulic resistance, provided that the overall resistance remained
unchanged. If the entrance and exit openings were located at /70
different heights, a difference in the action of opposite currents
on the cupula appeared; this difference was strengthened with a
difference of heights.

When the size of the utriculus increased, the connection be-
tween the motive force and the deflection of the cupula became
noticeably linear, at least with high flow velocities. In addition
it was observed that the motion & the fluid through the utriculus,
which was always laminar at low velocities, became vortical. This
was probably related to a change in the Reynolds number due to the
increase in the system's velocity during which the diameter of the
channel underwent sharp changes. The presence of vortical motion
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disturbs the Poiseuille law, which was used for the derivation of
formula (18) and also the equation of motion (1). It is not clear
whether a vortical motion takes place in the utriculus in a real
labyrinth since the viscosity of endolymph can prevent the formation
of utricular vortices with physiological motion.

Tonndorf and van Bergeijk (1958) also simulated the intra-
utricular pressure, elevating the level of the fluid in the utriculus
above the entrance and exit openings. It was found that the higher
the pressure, the less the deflection of the cupula, given the same
speed of the fluid in the canal. But Henriksson and Gleisner (1966),
investigating the activity of the ampular nerve of a frog with
experimental change of labyrinth pressure, showed that with the intro-
duction of fluid into a labyrinth, the activity of the nerve increased
and then returned to the original level before the introduction, and
upon removal of the fluid (decrease in pressure) it decreased and
did not return to the original level. Such changes could be associ-
ated with the system of introducing the fluid into the labyrinth.
Probably upon introduction the cupula was deflected in the utricu-
lopetal direction, and then with the establishment of a new level
of pressure it returned to the rest condition under the action of
its own elasticity. Upon removal of the fluid, the cupula probably
was deflected in utriculofugal direction and then could not return
to the rest position due to deformation of the ampulla.

Rotational vestibular responses with sinusoidal oscillations
in the plane of the horizontal canal did not change with an in-
crease in pressure in comparison with the norm. Probably diver-
gences from the stimulated results of Tonndorf and van Berfeijk
(1958) are explained by the elasticity of the canal wall. With a
decrease of pressure the responses dimjnished and even disappeared.
As was already noted, this was probably due to deformation of the
ampulla.

Since with mechanical stimulation of the semicircular canal
neither S. G. Chebanov (1956) nor Tonndorf and van Bergeijk (1958)
were guided by the principles of dynamic similarity, then it is
absolutely impossible to carry over the indicated results and all
other results received by the authors to a real semicircular canal.

Miodrag (1966) observed the movement of fluid in a glass model /71
under a microscope which magnified 2x the sizes and shape of the
human semicircular canals and showed that the variability of the
cross section diameter has significance only with sudden stops of
the rotational movement, with which along the semicircular canal
in the utriculus the lowered pressure gradually transforms into an
elevated pressure with opposite directions of rotation the opposite
occurs). It is interesting that along the same ampula the pressure
remains the same with opposite directions of rotation, which agrees
with the data of Tonndorf and van Bergeijk. This is very important
since it leads to regular deflections of the cupula and protects
the sensory epithelium from damage due to sudden changes in speed.
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The Mechanics of the Otoliths and the Physiology of
the Otolijth Nerve

The differential equation assumed to describe the motion of
an otolith (de Vries, 1950, 1956; Trincker, 1962) is analogous to
the equation of motion of encolymph in the semicircular canals. If
we consider the motion of the otolith only under the action of
gravitational force, the equation will be recorded in the form

. . m
ma:c—{—cx—l—/cx_—_mg—g'i'g, (31)
or
- ST W el PO §
x4+ 28z 4 wozx o1 §=5, (32)

where x, &, # are respectively the linear displacement, cmj; the
speed cm/sec and the acceleration, cm/sec? of the otolith relative

to the sensory epithelium of the maculaj; ¢ is the coefficient of
friction forces, g/sec; kK is the coefficient of elasticity forces,
g/sec2; & = ¢/2mgrg is the damping coefficient, sec™1; wg = VEk/meff
is the circular frequency of the characteristic oscillation of the
otolith, sec‘l; g the acceleration of the force of gravity, 981
em/sec?; p the density of the otolith, g/cm3; m the mass of the
otolith g; m/p-l+g the ejecting force acting on the otolith submerged
in endolymph; meff the effective mass of the otolith, g, i.e., the

summary mass of the otoclith and the fluid displaced by its motion.

Assuming that the density of the endolymph is equal to the
density of water and the displaced volume is equal to the volume
of the otolith, we obtain an expression for the effective mass of

the otolith in the form

1 A\
Ma=m '1 ———'1.
¢ ( Tl (33)
For static displacement of the otolith (# = & = 0) we have /72
(1)022:—;;, (34)

i.e., having measured the displacement of the otolith x, it is
possible to define wj.

The maximum amplitude of displacement of the otolith under the
action of a force changing according to a sinusoidal law with a
frequency near wg will be defined by the expression

a
xmnx=T06‘- (35)

Here a is the maximum acceleration of the labyrinth with harmonic
oscillation. Assigning an acceleration a, measuring the displace-
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ment of the otolith xy54 and knowing wg, it is possible to calculate
the damping coefficient §.

Having defined the weight of the otolith sacculus in experi-
ments on more than 200 fish of 20 types, and according to roentgeno-
grams, the displacement of the otolith under the action of gravita-
tional force and the maximum amplitude of displacement (0.1 mm)
under the action of a force changing according to a sinusoidal law,
de Vries (1950) calculated the coefficients of the differential
equation (31). It was found that the otolith sacculus of a ruff
(Acerina cernua) is a harmonic oscillator with a critical damping
((S kmo).

It is interesting to note that if the return of the cupula of
the semicircular canal from the deflected position to the position
of equilibrium were characterized by the time constant e¢/k = 40 sec,
then the indication time of the otolith characterized by the value
1/6 is equal to 0.02 sec. de Vries could not precisely determine
the coefficients ¢ and kX of the otolith utriculus, but assuming
that the displacement is on the order of 0.005 mm and that the
otolith utriculus is also critically damped, he obtained for the
time constant the value 0.005 sec.

X-rays showed that the otolith sacculus was displaced only
tangentially in relation to the epithelium, whereby even with
centrifugal accelerations of 11 g displacement of the otolith
comprises in all a total of 0.23 mm. The careful investigation by
Vilstrup (1951b) demonstrated that during extreme changes of
position of the head of a shark (Acanthias Vulgaris) only purely
tangential displacement of the otolith utriculus in any direction
on the order of 15 um occurs.

Trincker (1962), investigating microphone response and change
in potentials inside the layer of sensory cells of the macula
caused by the motion of the otolith membrane in the utriculus of
the guinea pig, showed that only a cutting force caused by the
tangential shift of the membrane leads to hioelectric changes in
potential. Forces located exactly perpendicular to the otolith
membrane do not cause changes. Insofar as a cutting force is an
effective stimulus for otolith receptors, changing with a change
in position of the otolith relative to the direction of the force
of gravity in sinusoidal law (Fig. 25), then it must be expected
that the change in potential inside the layer of sensory cells and /73
a change in impulsation in the nerve innervating the macula otolith
will also change according to sinusoidal law. Biologically this is
very important since if pressure or expansion were an effective
stimulus, then the stimulating force would change slowly with the
increase in the angle of deflection, (i.e., as the cosine of the
angle). The same cutting force increases sharply with small devi-
ations from the normal position and more slowly with larger ones
(Trincker, 1962).
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Fig. 25. Stimulation of the Macula Sensory Epithelium by a Cutting
Force. (a) Systematic Depiction of the Utriculus with the Macula
and the Otolith Membrane with Inclinations of the Head in a

Frontal Plane; G - Force of Gravity; T - Cutting Force (Tangential
Constituent); P - Pressure (Normal Constituent); (b) Connection of
Cutting Force (Solid Line) and Pressure (Dotted Line) with an Angle
of Deflection from the Vertical (Trincker, 1962).

The electrophysiological analysis of functions of various
maculas, conducted on single fiber preparations of an isolated
labyrinth of the thorny skate (Raja clavata) (Lowenstein, 1948, 1950,
1956; Lowenstein, Roberts, 1948, 1949, 1951), showed that in the
labyrinth of the skate all three otolith organs (namely the
utriculus, sacculus and lagena) take part in maintaining balance.

The sensory endings in the macula are usually characterized
by a rest discharge, the frequency of which increases or decreases
with a change in head position. The functional ranges of the
utriculus and sacculus greatly overlap since both contain sensory
endings reacting to lateral, forward and backward inclinations. /74
There are two main types of endings:some have a maximum of discharge
activity in the "nose upward" position of the head (they predominate
in the utriculus); others in the "nose downward" position (they
predominate in the sacculus). Both types of functional units emit
impulses also with a maximum freguency with the labyrinth upward,
"head position", 1.e., the same ending reacts both to lateral and
to forward-backward inclinations. With slow rotation around the
horizontal axis (transverse or longitudinal) a constant change in
discharge frequency with activity maxima and minima in definite
characteristic positions takes place. When a preparation is main-
tained in an inclined position, very weak adaptation is observed
since the discharge frequency remains significantly higher or lower
than the spontaneous frequency. With rotation in the opposite
direction, the discharge frequency is produced entirely in reverse
order. Thus the spatial position of the head for maximumw
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and minimum activity does not depend upon how the preparation was
brought to the position. The described receptors give precise in-
formation on the position of the head in space at an absolute level
of activity. The impulsation frequency increases very strongly
with deflection at small angles, and in the majority of functional
units the frequency changes present a clearly pronounced function
similar to the characteristic curve of a cutting force (Fig. 25).
Analogously, even the potential inside the layer of sensory cells
changes (Trincker, 1962) whereby a shift of the membrane in one
direction leads to depolarization of potential, and in the opposite
direction to hyperpolarization.

There are also terminal organs, the activity maximum and
minimum of which are diametrically opposed with opposite directions
of rotation. They react to changes in head position by a decrease
(increase) of activity, irrespective of the direction of change.
After cessation of motion, the activity of these receptors quickly
returns to the original level. Unlike the static position receptors,
the receptors under consideration give information on the deflection
from a definite position in space; they react to a constant speed
of spatial deflections and they are called "out-of-position'" receptors.

If we consider that between the principle position receptors
and "out-of-position'" receptors there are transitional types, and
moreover the activity of the majority of receptors remains practi-
cally unchanged with a change in position, then it becomes apparent
that the macula utriculus and sacculus are far from homogeneous
structures. The diversities of receptors which react differently
to inclination enables a more precise reflection by the sensory
epithelium of mechanical displacement or of the otolith with a
spatial change in head position. Receptors with constant impulsa-
tion, which remains even after removal of the otolith, probably
have a tonic function(Lowenstein, 1956a).

Receptors in the lagena are also positional and react simul- /75
taneously to lateral and forward-backward inclinations, but are
essentially different in their reactions from receptors of the
utriculus and sacculus. As a rule they have a sharp maximum of
activity near the normal position of the head, and therefore are
called "into-level" receptors.

A1l the otolith organs reacted to linear accelerations in the
plane of the macula.

Coppe and Ledoux (1951), experimenting on a preparation of an
isolated labyrinth of a frog, registered spontaneous asymptotic
discharges in the utricular nerve with any position of the head
in space. The inclination of the preparation around any horizontal
axis in one direction caused an increase In activity greater than
with the opposite direction of inclinatiou. Inhibitions of activity
were never observed. An increase in the activity was especially
intense during motion and somewhat weaker when the preparation
was maintained in an inclined position.
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Is not the participation of all 3 otolith organs of the skate
excluded from perception of gravitational stimulili by reason of
the function of these structures as vibration receptors?

Lowenstein and Roberts (1948, 1949, 1951) registered vibrationa
responses in the form of impulse discharges from nerve ramull,
proceeding from a portion of the macula sacculus, macula neglecta
and lacinia utriculus of an isolated labyrinth of the skate (Raja

clavata). Experiments showed the effectiveness of only vibrational
stimuli, conducted to the preparation through the hard base on
which it was located. Vibrations of the air did not elicit reaction

Nerve fibers proceeding from the macula lagena did not react
to vibrations. Even pure microphone responses were absent, although
they were registered from all organs of the vestibular apparatus
(cf. Chapter I).

Gravitational responses registered from the macula sacculus
were basically limited to the rear third of the macula, whereby
responses of the fibers innervating the most distant portion were
purely gravitational and differed by the absence of microphone

response. According to the amount of advance toward the front
pertion, there appear all the more pronounced microphone responses
which are superimposed on the gravitational response. Finally, in

2/3 of the forward portion of the macula, purely vibrational respons
are registered, which were not influencedly the spatial position

of the preparation. The transition from one type of response to
the other does not have a clear parallel in the structural charac-
teristics of the macula and the otolith covering it, despite the
fact that the rear portion of the otolith is more firmly connected
to the wall of the sacculus than the forward portion. It is
significant that within the bounds of one macula, covered by a
massive unfragmented otolith, there are receptor mechanisms for the
detection of changes in the direction of gravitational force and
for the definition of phase shifts introduced by oscillations.

While in the sacculus, the macula is completely covered by
the otolith, this is not observed in the utriculus. Here only
the central portion, innervated by the main branch of the utricular
nerve, is covered by the otolith. The same tongue-shaped extension
of the macula on the roof of the utriculus process does not possess
any covering structure. This unsupported portion of the utriculus
is called the lacinia and is innervated by a separate nerve branch.
The structual division of the macula utriculus into supported and
unsupported portions has a functional significance. With the
registration of action potentials from the main branch of the
utricular nerve only gravitational responses are seen, and as a
rule microphone effects are absent. Ramuli of the nerve innervating
the lacinia do not detect respomnses to positional changes but are
sensitive to vibrational stimulation.

Besides the receptors in the macula sacculus and the lacinia
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utriculus, it was found that the macula neglecta (sometimes called
the crista forta), not having an otolith covering but rather
sensory hairs surrounded by a gelatinous secretion, is extremely
sensitive to vibrations and does not react to inclinations and
rotation. Vibrational responses of the macula neglecta differ from
responses of the utriculus and sacculus by an extremely low
threshold. The falling of a pin from a height equal to that of a
man to a stone floor elicits a very clear reaction.

The greater portion of the sensory nerve endings indicates
activity at rest in the absence of vibrational stimulation, but
there are a significant number of silent sensory units. They are
included in response with growth in the intensity of oscillation
and indicate a significant range of thresholds.

In the experiments of TLowenstein and Roberts, vibrational
responses to frequencies above 120 Hz were rarely registered,
although the vestibular microphone response was observed up to a
frequency of 750 Hz.

With a low intensity of stimulation, the frequency of spon-
taneous discharge decreased, With an increase in intensity, end-
ings which were silent earlier are involved in the reaction and
a significant synchmnization of the frequency of response with the
frequency of the stimulus takes place. This synchronization is
very similar to that described for the cochlea of mammals, where
it occurs at the lower limit of the acoustic spectrum.

The authors noted phenomena of adaptation to constant vibra-
tory stimulation and a period of silence after the cessation of
prolonged stimulation.

It is necessary to note that at first Ashcroft and Hallpike,
who registered action potentials from the saccular nerve of a
frog, found that rotation and inclination of the head did not
produce any excitation and that this organ reacts to vibration up
to a frequency of 512 Hz with impulse synchronization.

Ross (1935, 1936) also registered vibrational responses in
the anterior and posterior portions of the eighth nerve of a frog,
but he did not precisely define the organs from which the responses
arose.

Vibrational responses in utricular nerve of a frog were
observed by Coppe and Ledoux (1951). Low frequency tuning Ffork
vibrations elicited an increase in asynchronic activity in the
nerve at median frequencies (500 Hz) and synchronic discharges of
action potentials at the same frequency were observed. The authors
registered microphone responses similar to the microphone response
of the sacculus by conducting an electrode along the nerve to the
utriculus .
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The described experiments clearly showed that the otolith
organs potentially possess a double function. They can serve as
purely gravitational receptors with the function of connecting
receptors of any linear accelerations (including centrifugal), or
as vibration receptors, or simultaneously fulfill both functions
(the sacculus of the thorn skate). The function of a given otolith
organ 1is defined entirely by its structural characteristics, by
its degree of support, and by its connections with auxiliary
structures. In the labyrinth of elasmobranch fish all the potential
possibilities exist simultaneously.

Cohen et al. (1953; 1955, 1958, 1960), registering activity
of primary single nerve fibers in an isolated preparation of the
statocyst of the lobster Homarus americanus, discovered a surprising
functional similarity between the statocysts of invertebrates and
the nonauditory labyrinth of vertebrate animals.

The majority of receptors of the statocysts in a lobster show
activity in a state of rest. In the statocyst of the lobster, as
in the utriculus of the skate, there are positlion receptors.

Unlike the labyrinth position receptors, reacting simultaneously

to inclinations relative to the longitudinal and transverse axis,
the receptors of the statocysts react only to inclinations around
the transverse axis. On the other hand, in the statocyst there are
position receptors which react to absolute position of the head
with inclination around the longitudinal (or transverse) axis, and
at the same time manifest a clearly pronounced sensitivity to the
direction of motion. In this type of receptor the characteristics
of position receptors and out-of-position receptors are combined
(or receptors of the semicircular canals). They signaled both the
direction of motion and the absolute position, reached after cessa-
tion of motian. In the statocyst there are also acceleration
receptors which react only to accelerated angular displacements
around either spatial axis and do not react to absolute position.
They are analogous to the receptors of the semicircular canals. /78
Although in invertebrate animals the semicircular canals are

weakly sensitive to horizontal rotation and the horizontal canals
react only to accelerated motions in their own plane (Lowenstein,
Sand, 1940), the acceleration receptors of the statocysts are
equally sensitive to angular displacement around any of the three
main spation axis. Consequently the receptors of the semicircular
canals give more precise information on the plane of angular
displacement than the analogous receptors of a statocyst. In the
statocyst of the lobster there are pure vibration receptors and
also transition forms between the above enumerated types of
receptors. Although arthropods have a smaller number of neurons
than vertebrate animals, this insufficiency is compensated at least
partially by the greater number of tasks performed by a single

neuron.

Thus in the skate and the lobster, animals sufficiently far
apart on the evolutionary ladder, information on position in the
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field of gravitational force, velocity and direction of angular
displacements enter the central nervous system in principally the
same language; i.e., from the point of view of the peripheral coding
of changes in the surroundings, the functional evolution is insig-
nificant. The greater precision with which the higher animals
integrate environmental changes is probably connected chiefly with
the complexity of the central integration of efferent impulsation.

Much less definite results were obtained on mammals. Thus
Wing (1963), registering neuron activity of the cells of scarpa's
ganglion in a cat in response to stimulation of the otolith, did
not discover any changes in activity in the majority of the cells.
In the same reacting cells only responses which were delayed in time
(up to 40 sec) and unsystematic were observed. The author even comes
to the conclusion that in the cat the otolith organs of the utricu-
lus and sacculus appear to be either rudimentary or, in general,
do not participate in orientation of the animal in the gravitational
field. Similar results may be explained by the elevation of thresh-
olds of the neurons due to injuries caused by the operative approach
to the ganglion and by the imposition of electrodes.

Sasaki et al. (1963) extracted the performance potentials from
the utricular nerve of a rabbit with inclinations of the heag and
with linear accelerations, and found that the utriculus macula
reacts to linear acceleration which is perpendicular to the plane
of the macula, whereby stimulation of the otolith by pressure is
seemingly more effective than by retraction. But it is true that
a very small number of fibers were found which also react to cut-
ting force. It is possible that this is connected with an incorrect
spatial shape of the macula.

Under conditions of weightlessness, judging by the above- /79
described principals of the function of an isolated otolith prepa-
ration, the frequency of spontaneous nerve activity would hardly
change, insofar as pressure on the macula is not an effective
stimulus for receptor cells. In truth, i1f the otolith membrane has
an incorrect shape or an inclined position in the cell in relation
to the terrestrial vertical (so that at rest there is a constant
tangential component of the gravitational force which is balanced
by the elastic forces of the otolith membrane), then in a condition
of weightlessness under the action of elastic forces the otolith
membrane is somewhat displaced, which causes an increase in spon-
taneous activity (experiments of Copee, Ledoux, 1951).

On the other hand, due to the absence of pressure on the sensory
epithelium and a decrease in the "friction" related to this during
displacement of the otolith membrane along the sensory epithelium,

a cutting force of a given quantity in weightlessness would produce
a larger effect (increase in impulsation frequency) than under
terrestrial conditions.
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The activity of the nerve in weightlessness would remain
constant with inclinations of the preparation, but linear accelera-
tion and rotation would change the spontaneous impulsation. As a
result, insofar as the tangential component of a resulting force
vector acting upon the otolith is an effective stimulus, the natural
difference between response on earth and under the condition of
weightlessness (with all other conditions being equal) would be
defined by difference in direction and magnitude of an equally
acting and consequently tangential component due to the absence of
weight of the otolith membrane.

Fiorica et al. (1962), registering the activity of scarpa
ganglion of a cat during a free fall lasting 1-2 sec, noted an
increase in general activity. Gualtierotti and Gerathewohl (1965),
registering the activity of single nerve fibers of the utricular
nerve of a frog (during parabolic flights where the condition of
weightlessness lasted up to 30 sec) at the beginning of the condi-
tion of weightlessness, preceded by a period with a G-force of 3-14
units, noted a sudden increase in the frequency of spontaneous im-
pulsation. At the time of weightlessness, the response to the
horizontal acceleration differed by an impulsation frequency greater
than that which would be obtained in a flight with a G-force of

one unit. It is true, that blocking of response was observed after
10 sec., which was normalized after returning to a flight regime
of 1 unit. The authors ascribed the appearance of blocking to in-

hibition maintained in time, caused by preliminary stimulation of
the receptors during the period of high G-force, which preceded the
condition of weightlessness. The increased response to linear
horizontal acceleration, in the opinion of the authors, is partially
due to this hgh G-force. Thus parabolic flight in an airplane does
not give complete and precise information about the action of
weightlessness on the otolith apparatus. An experiment on an
isolated labyrinth, placed under conditions of an orbital flight,
would help clarify this question.

The Semicircular Canals and the Otolith Organs

In first approximation the functional inter-relationship be- /80
tween the semicircular canals and the otolith organs is based on the
fact that the semicircular canals react only to angular accelera-
tion, while the otolith organs are sensitive to angular acceleration,
to rotation at a constant velocity and to linear acceleration. But
constant velocity of rotation is rarely found under natural condi-
tions of animal life and therefore, positively, the majority of
angular motions are related to the function of the semicircular
canals.

There is no basis to assume that the semicircular canals react
to linear acceleration on the order of magnitudes which an animal
usually experiences. Therefore all of an animal's reflector responses
to linear acceleration are controlled by the otolith organs. Inas-
much as under terrestrial conditions gravitational and all other
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linear accelerations act simultaneously, the animal's reaction will
be defined by the vectoral sum of forces acting upon the otolith.
Thus centrifugal force, probably biologically important in bird
flight, added vectorally to the force of gravitation will elicit a
reflector response of a static nature.

Phylogenetically the interaction of the semicircular canals
and the otolith organs could begin with the cyclostomata, where
in the hagfish there is only one vertical canal with two ampullas
and one otolith macula. The interaction between the very mobile cu-
pula and the more inert otolith thus evidently appears very impor-
tant, although potentially the otolith organ could register any
motions and static inclinations (Lowenstein, 1956).

The Efferent System of the Vestibular Nerve

The first electrophysiological indication of the existence of
an efferent system in the vestibular nerve could be considered to
be the report of Ledoux (1958) on the fact that with calorization
of a semicircular canal of the frog and the nerve of a similar
contralateral canal, inhibition of commissure activity was observed.

In 1963, Schmidt undertook a special investigation of the
efferent system of the vestibular nerve of a frog. He severed
the ramuli of the vestibular nerve to all sections of the vestibular
apparatus, with the exception of a ramulus to any one ampulla of
the semicircular canal, and showed that accelerated rotation in
the plane of this canal on the excitory side (and sometimes on
the opposite) caused the appearance of impulse activity in the proxi-
mal ends of the severed ramuli of the contralateral labyrinth to
all three ampullas to the utriculus, sacculus and lagena. Cutting /81
the remaining single ampulla ramulus in half, Schmidt registered
commissure activity in the proximal portion of the severed ramulus
during rotation. Complete section eliminated all activity in all
ramuli of the vestibular nerves of both sides. It is natural that,
leaving the vestibular nerve of one side intact, Schmidt discovered
the occurrence of activity in all branches of the contralateral
labyrinth, separated from receptors, during rapid rotation of the
preparation around any spation axis. Slow rotation of the prepara-
tion (stimulation of the receptors of the otolith organs) did not
produce any reaction in any one of the ramuli of the severed
vestibular nerve. On this basis the author concluded that the
efferent system does not react to stimulation of receptors of the
otolith organs. Schmidt contributed the valuable observation that
extralabyrinthal stimulations (pressing on the stomach or the eyes)
elicited the appearance of commissure activity in any ramulus,
but sound stimuli do not.

Thus Schmidt's investigations showed that the receptors of
each ampulla are connected by efferent connections to all sections
of the vestibular apparatus on both sides, and moreover there is
a feedback loop from a given ampulla to itself.
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Gleisner and Henriksson (1964), also in experiments on frogs,
established that threshold accelerations for stimulation of the
efferent system (6°/sec?) were significantly higher than the thresh-
0ld accelerations for the afferent system (0.5°/sec?2)., The latency
of the efferent system was not more than 200 msec and with small
accelerations was significantly greater, even reaching several
seconds, since the latent period in the afferent system was absent
(a 1limit of precision of measurements of the authors was 100 m/sec).
The efferent response was characterized by great variability of
thresholds and also of impulsation frequencies, so that the clear
connection between stimulus (acceleration increased in time) and
response (frequency of stimulation) established by Groen et zl. (1952)
and examined by us above probably was not sufficient for activity
in the efferent system. The authors also noted that ether had a
blocking effect on efferent activity. Bertrand and Veenhoof (1964)
showed on rabbits that impulses in the proximal section of a severed
vestibular nerve arise with the stimulation of the otolith receptors
on rockers. Probably efference of the otolith organs also have high
thresholds, and precisely for that reason Schmidt (1963) did not
discover any reactions of the efferent system to slow inclinations.

Sala (1963, 1965) performed experiments on cats in the aim of
demonstrating the changes to afferent vestibular activity elicited
by stimulation of the efferent vestibular system. Afferent activity
was registered both in the vestibular nerve (first series of exper-
iments) and in the vestibular receptors (second series of experiments).
Thus the activity of the efferent nerve system on action potentials /82
of the vestibular nerve and on the condition of excitability of
the same vestibular receptors was investigated. In the first series
of experiments, the author investigated changes in impulse activity
in the vestibular nerve with stimulation by rectangular electrical
stimuli of the region of contralateral vestibular nuclei (duration
of stimulus 0.1 to 1 msec, amount 0.5 - 4 G). The results of this
series of experiments showed that only electrical stimulation of the
region of Deiter's contralateral nucleus caused a change in afferent
activity of the vestibular nerve. A single stimulation always caused
the appearance of afferent activity and tetanic stimulation, exert-
ing an inhibitory action on the spontaneous action potentials of
the vestibular nerve and on an increased impulsation frequency
caused by galvanic polarization of the labyrinth. The author assumes
that changes in activity of the vestibular nerve in these experiments
are explained by stimulation of the efferent vestibular system and
considers three basic objections to such an interpretation of the
obtained results. In the first place, it is possible that impulses
registered in the vestibular nerve are only antidromic discharges,
conducted along the vestibular nerve due to stimulation in the

region of the contralateral vestibular nuclei. This is excluded
due to the extended latent period (20-30 msec) between stimulation
and the appearance of action potentials in the nerve. Moreover the

original vestibular fibers do not intersect the middle line (Walberg
et al., 1958; Shimazu, Precht, 1966) thereby also excluding the
possibility that impulses conducted from the vestibular nerve were
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produced by the vestibular neurons of the second order, i.e., the
observed phenomenon is connected with the internucleic effect.

In the second place, changes in biocelectric activity can be
caused not by the stimulation of the efferent system, but by
diffuse propagation of an electrical stimulus to the vestibular
receptors through the tissue of the fourth ventricle. Such a
possibility is also excluded due to the prolonged latency of the
response, the moderate intensity of stimuli, the small size of the
stimulated region, and also the facts that the effect disappears
after shallow section of the brain stem along the middle line and
that only the stimulation of specific places on the surface of the
bottom of the fourth ventricle produces the described changes.

In the third place, electrical activity possibly was conducted
not only from the axon, but also from the cellular bodies scattered

along the original fibers of the vestibular nerve. In this case
the observed phenomena could be due to interneuron influences on
the vestibular fibers of the second order. But, in the opinion

of the author, even this 1is impossible since cellular bodies dis-

tributed along the vestibular nerve functionally belong to g. scarpa,

i.e., they appear as primary afferents (Brodal et al., 1966).

Thus, the observed phenomenon can be explained if we assume
that the stimulation of the bottom of the fourth ventricle causes
activation of the efferent system, direct or indirect, through
stimulation of the nerve structure, anatomically closely connected
with the efferent vestibular system.

In the second series of experiments with caloric stimulation
by water through an ear holder (warm water 50° and cold water 5°;
30 e¢m®, irrigation for 30 sec) a change 1in constant potential was
discovered both on the stimulated side (which indicates that the
labyrinth was unharmed) and on the contralateral side. With stim-
ulation by warm water in the ipsilateral labyrinth, depolarization
arose; with stimulation by means of cold water, hyperpolarization.
Maximum changes in potential totalled 300 uV.

Electric stimulation of the efferent vestibular system (ipsi-
lateral and contralateral regions of Deiter's nuclei and at the
level of the suture of the rhomboid fossa,) caused an increase in
the rest potential; i.e., hyperpolarization. The latency of the

effect equalled 9-12 msec. Such a latency excludes the possibility

/83

of antidromic activation of the nerves. The maximum effect developed

in 50-100 msec and fluctuated within the limits of 100-200 uV. The

amount of change depended on the intensity of the stimulation. After

cessation of stimulation, the constant potential returned to the
original level in 75-90 msec.

A curious picture was observed with tetanic stimulation of the

contralateral Deiter's nucleus. The optimal frequency of stimula-

tion was 150-300 imp/sec, duration of the impulse 0.5 msec), amount
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2-6 V; stimulation was produced several times per minute, extent of
stimulation 20 msec; intervals between stimulations 150 msec. In
this case each impulse caused hyperpolarization of the sensory
epithelium. After cessation of stimulation, depolarization was
observed for a short period of time. These phenomena were especially
pronounced with stimulation of the region of the contralateral
Deiter's nucleus. With stimulation of equal intensity to the region
of the ipsilateral nucleus and the region of the suture such a
phenomenon was observed but of less intensity.

Electrical stimulation of the efferent vestibular system in-
creased hyperpolarization, caused by cold caloric stimulation, and
decreased depolarization caused by a warm thermic stimulation.

Intravenous introduction of strychnine in a dose of 0.1 mg/kg
caused, in animals, a decrease of changes in constant potentials
of the sensory epithelium (up to full suppression) developing due /84
to the electric stimulation of Deiter's nucleus. Weakening or
blocking the effect of efferent stimulation with intravenous intro-
duction of strychnine confirmed its antagonizing action as an
inhibitor of post-synaptic potentials of motoneurons in the spinal
cord (Eccles et al., 1954), and of centrifugal inhibition, conducted
along Rasmusen's olive-cochlear fibers (Desmedt, Delwaide, 1963).

Changes in the constant potential of the labyrinth after cold
or warm caloric stimulation agrees with the observations of
Trincker (1959), who showed that in the horizontal semicircular
canal the utriculopetal and utriculofugal deflections of the cupula
caused, respectively, de- and hyperpolarization of the cons@Eant
potentials. Lowenstein (1955), Trincker (1959), Dohlman (1960)
and Eldredge et al. (1961) emphasized the importance of these
labyrinth potential constants as generator potentials of the afferent
activity of the vestibular nerve. Changes in afferent activity
take place due to the phenomenon of depolarization (strengthening
spontaneous activity) and hyperpolarization (decrease or disappear-
ance of spontaneous activity in the sensory neurocepithelium). The
fact that thermic (warm and cold) stimulation of the labyrinth
causes simultaneous changes of the opposite sign in the contralateral
labyrinth can be considered only as evidence of existence of the

efferent vestibular system.

Insofar as experiments were completed on animals with precolicu-
lar decerebration, and in several cases even with removal of the
cerebellum, then it is possible to assume that activation of the
efferent vestibular system by afferent impulses of a stimulated
labyrinth exist through intercalary neurons of the ponto-bulbar
reticular formation.

Even in the second series of experiments, the prolonged latent
period (9-12 msec) excludes the possibility of antidromic conduction
of electrical impulses. On the other hand, insofar as registration
was accomplished at the level of vestibular receptors then a change
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in their activity can be explained only by the direct action of the
efferent fibers on the sensory neuron epithelium with which they
are in direct contact.

Preliminary results of Sala's interesting investigation allow
us to draw several conclusions about the functional significance of
the efferent system. Undoubtedly the activity of the efferent
vestibular system is manifested primarily in inhibitory action on
the afferent activity of the main vestibular neurons, whereby this
action develops at the level of the neuroepithelium of the ampullar
receptors. This inhibitory action is especially clearly seen at the
time of tetanic stimulation of the efferent vestibular system. But
several results obtained by Sala lead to the conclusion that

actually the activity of the efferent system is more complex. The /85

author observed that electrical stimulation of the efferent vestibu-
lar system by single impulses causes the appearance of afferent
activity in the vestibular nerve, which is an expression of excita-
tion of the vestibular receptors. This effect may be explained,
having assumed that the activity of the efferent vestibular system
leads to an inhibitory effect, but is not discovered in the vestibu-
lar nerve due to the subsequent output effect. This hypothesis is
strengthened by the fact that the latent period between a single
stimulus and the vestibular afferent commissures is definitely
longer (22-32 msec) than the latency between stimulation of the
efferent vestibular system and the appearance of hyperpolarization
of the ampullar receptors (9-12 msec). Further tetantic stimula-
tion of the efferent vestibular system causes the appearance of
hyperpolarization of the receptors which is accompanied, after
cessation of the stimulus, by a drop in potential to below the
original level; i.e., depolarization. Consequently the function

of this system is more complicated than simple inhibition. This
assertion is strengthed by the fact that warm stimulation of a
labyrinth showed an influence on the constant potentials of both
labyrinths. In addition, it was noted that cold stimulation hyper-
polarizes and warm stimulation depolarizes potentials of the
ipsilateral labyrinth, simultaneously depolarizing or hyperpolarizing
the contralateral labyrinth.

Thus stimulation of one labyrinth causes opposite changes in
potential in each labyrinth. This fact acquires special significance
if we consider that similar phenomena probably take place under
physiological conditions . Actually, utriculopetal deflection of
the cupula, in the case of the horizontal canal, leading to a
depolarization of potential of the sensory epithelium and to an in-
crease in the frequency of spontaneous activity in the ampullar
nerve, is always accompanied by utriculofugal deflection of the
cupula in the opposite canal, and correspondingly by hyperpolariza-
tion, a decrease and even the disappearance of activity in the
ampullar nerve. Such reciprocal changes in the peripheral regions
play an important role in the functional mechanism of the two
vestibular apparatus (cf. Chap. III). It is possible to assume
that even the efferent system in turn must exert a modulating in-
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hibitory or excitory action on the efferent activity in correspond-
ence with the functional condition of the receptors.

The investigations of Sala, and in particular the results

obtained with thermic stimulation and simultaneous registration of
potentials of both labyrinths, showed that there is a feedback loop
between both labyrinths (Fig. 26). This feedback must arise on the /86
ponto-bulbar level, according to the following model: labyrinth -
receptors of one side--primary afferent vestibular neurons--vestibu-
lar nuclei and reticular formation--cells of the efferent vestibular
system--efferent vestibular fibers--ipsilateral and contralateral
labyrinth receptors. The physiological importance of the efferent

/

Fig. 26. Schematic Drawing of the Efferent Vestibular System.

Solid Line: Fibers of the Efferent System of the Vestibular Nerve.
Dashed Line: Afferent System of the Vestibular Nerve. Dotted Line:
Polysynaptic Connections of the Efferent Vestibular System with
Higher Centers. (1) Ipsilateral Labyrinth Receptors; (2) Primary
Afferent Vestibular Fibers; (3) Ipsilateral Vestibular Nuclei;

(4) Connection of the Ipsilateral Vestibular Nuclei with an Ipsi-
lateral Cell Group of the Efferent Vestibular System; (5) Cellular
Group of the Efferent Vestibular System; (6) Connection of the
Ipsilateral and Contralateral Efferent System Through Unknown
Intermediate Neurons or Specific Efferent Fibers; (7) Contralateral
Cellular Group of the Efferent Vestibular System; (8) Connection of
the Contralateral Vestibular Nuclei with the Contralateral Group

of Cells of the Efferent Vestibular System; (9) Contralateral
Vestibular Nuclei; (10) Primary Afferent Vestibular Fiber; (11) Con-
tralateral Labyrinth Receptors; (a) and (b) Ipsilateral Efferent
Fibers; (c) and (d) Contralateral Efferent Fibers (Sala, 1965).
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vestibular system appears more ovbious 1f we remember that each
labyrinth consists of three semicircular canals having close func-
tional synergism with one another and with a canal on the opposite
side (cf. Table 4). Sala (1965) assumes that future experiments 87
will probably show that the higher nervous centers are found in
close anatomical and general physiological connections with the
peripheral afferent vestibular system, as was shown for other
efferent systems. This connection can exist through nonspecific
activity at the level of the reticular formation of the brain stem
and specific activity conducted anatomically by definite centers
and fibers.

For the vestibular function the central control of activity
is especially important since the vestibular apparatus with its
numerous receptors, under constant stimulation by gravitational and
kinematic stimuli participates in the regulation of muscle tone
and play a basic role in the maintenance of static and dynamic
balance.

The hair cells of the vestibular epithelium are sensory cells
which are innervated by branches of nerve fibers going to the

central nervous system. Numerous nerve endings are iIn contact with
each hair cell; among them both afferent and efferent nerve
endings are identified. On an afferent nerve ending, the synaptic

transmission begins in the region which shows specialized ultra-
structural organization, characterized by the presence of synaptic
patches and vesicles. A resemblance between these vesicles and
synaptic vesicles attests to the neuro-humeral synaptic transmission
to the afferent nerve ending. Each afferent nerve fiber is in
contact with several hair cells. Such an arrangement can essentially
lower the threshold for the appearance of action potentials due to
the spatial summation of subliminal stimuli.

Afferent nerve fibers carry sensory information to the central
nervous system with the aid of frequency modulation of spontaneous
activity. Displacement of the cupula (otolith membrane) in the
direction which causes depolarization of the sensory nerve fibers
is excitary and leads to an increase in the discharge frequency,
while displacement in the opposite direction leads to depolarization,
is inhibitory, and 1s accompanied by a decrease in the discharge
frequency. Sensory information presented by the receptor potential
is then reflected by the frequency of action potentials, transmitted
into the central nervous system by afferent nerve fibers. The
amount of deflection of the cupula from the normal position is
indicated by the frequency of afferent impulses. The precise con-
nection between frequency of afferent impulses and receptor potential
with vibrational and static displacement of the cupula (otolith
membrane), and also the shift in potential accompanying microphone
response, still remains to be investigated.

Efferent nerve endings innervating the hair cells probably /88
represent a feedback system, capable of changing peripheral
sensory response.
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Morphological investigations into structures of the semicircu-
lar canals in otolith organs perceiving adequate stimuli indicated
that they have, principally, a similar structure: a base formed
by supportive and sensory hair cells (crista in the semicircular
canals, macula in the otolith membranes), and an intermediate
layer (subcupular or submembranal space) which allows the possibility
for a mobile structure (cupula or otolith membrane), with the
action of acceleration on the inertial mass (angular accelerations
on the mass of the endolymph in the semicircular canals and linear
accelerations on the mass of the otolith membranes), to move rela-

tive to the sensory epithelium.

The mobile structure is an instrument transforming the partial
form of mechanical motion into a stimulus of sensory cells. Such
a stimulus is a cutting displacement of the mobile structure along

the sensory epithelium.

In the first approximation the characteristics of the mobile
structures with the action of adequate stimuli are described by
linear equations of the second magnitude with constant coefficients.

The nerve innervating the receptors of the crista of the semi-
circular canal consists of one type of afferent fiber reacting,
in the case of a horizontal canal, with an increase in impulsation
frequency upon the displacement of the cupula toward the utriculus
and with a decrease (if there 1s spontaneous activity) with opposite
displacement. In the vertical canals, changes in activity bear
the opposite character. This is the only type of fiber which is
separated into two subgroups; spontaneously active fibers with a
low threshold, and high threshold fibers which are silent at rsst.
Differences in the functional characteristics of silent and
spontaneously active units are probably connected with the number
and condition of synapses in the sensory cell. Less sensitive
silent units, then, would correspond to the sensory cell with a
smaller number of functional synapses.

The uniformity of the characteristics of separate fibers, and
consequently of the whole trunk of the ampullar nerve, corresponds
well with the homogeneous morphological polarization of the sensory
epithelium of the crista. Kinocilia of all sensory cells are
located along one side of the hair bundles. In the cristae of
horizontal canals, the kinocilia are always located on the utricular
pole of the cell surface; in cristae of the vertical canals they
are on the canal pole. Consequently reverse functional characteris-
tics of the cristae of the horizontal and vertical canals are
connected with the reverse morphological polarization of sensory

hairs.

The otolith nerve consists of uniformly reacting afferent fibers,

which correlates with the complex polarization of hair bundles of /89
the sensory cells and with the various types of bundle organization.
In the macula utriculus the direction of polarization flabellately
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diverges from the internal edge to a certain line behind which the
direction of polarization is the opposite. Kinocilia on wvarious
sides of this arbitrary line are directed against each other.

Thus all possible directions of polarization are present in one
macula utriculus.

If we assume that there is the same mechanism of stimulation
of cells in the macula as in the crista, positive stimulation with
increase of impulse activity will rise when sensory hairs are
deflected towards the kinocilia. Insofar as in the maculu utriculus
all directions of polarization are represented, one macula is
capable of reacting to rectilinear acceleration in all directions.

In the macula sacculus, all directions of polarization are not
present. The sensory cells are approximately polarized equally
in the forward lower and rear upper directions, whereby along
both sides of the line dividing these directions of polarization,
the kinocilia of bundles are turned in opposite directions.

Changes in frequency in the ampullar and otolith nerves within
definite value limits of adequate stimulation quite precisely
reflect the motion of mobile structures. However in intact animals,
due to the existence of efferent feedback systems, characteristically
afferent systems could never be described by differential equations
of the second magnitude with constant coefficients, since coefficients
of such an equation would depend upon efferent control.
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CHAPTER III
THE VESTIBULAR NUCLEI

Brief Information on the Anatomy and
Cytoarchitectonics of the Vestibular Nuclei

The majority of authors separate four principal nuclei in the

vestibular complex: the superior, lateral, medial, and descending
(inferior). Inside each of them there are regions which primary
vestibular fibers do not enter. A. Brodal et al, (1966) consider

that for purely practical reasons it is useful to preserve the

existing nomenclature, especially since "vestibular" and "nonvestibu-

lar'" portions of various nuclei display common features in relation
to connections and architectonics. Corresponding with this point
of view, several smaller topographically closely cellular groups
connected with the four basic vestibular nuclei are included by
these authors in the vestibular complex, even though they are not
fed by primary vestibular fibers.

The complex of vestibular nuclei extends in the oro-caudal
direction at a distance of 9.2 to 12 mm. The medial nucleus is
distinguished by the greatest extension.

TABLE 5

EXTENSION OF VESTIBULAR NUCLEI IN MAN (in mm)

Nucleus According | According
to to
Olszewski | Ponomarev
and (1958)
Baxter
(1954)
Medial ! 9 6.6(5.0-8.3)
Lateral | 4 | 4(2.9-5.8)
Superior i L 4.8 (3.4-5.14)
Descending | 5 12.8(2.0-3.8)

Blinkov and Ponomarev (1965) made a quantitative determination
of the neurons and glial cells in the vestibular nuclei of man,
monkeys and dogs. The total number of neurons in the nuclei of one
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half the brain in man is 245,000, in the monkey 143,000 and in the
dog 134,000.

TABLE 6
QUANTITATIVE DETERMINATION OF NEURONS AND GLIAL ELEMENTS

IN VARIOUS VESTIBULAR NUCLEI IN MAN, MONKEYS AND DOGS.
(Blinkov, Ponomarev, 1965)

Object of , Nucleus
Investigation Medial | Descend- Lateral Superior
ing
Number of Neurons perNucleus (in thousands)
ﬁ:allk ------- M7446,7* | 46,94-2,3 | 47,04-4,6 | 33,4445
onkey, . . ... 76,945,8 33,744,0 15,7417,9 16,8-6,5
Dog ... ... 64,3-18,1 | 28,54-0,5 | 17,914 | 23.5:-4,4
No, of Neurons per 0,001 mm3
Man . . ... .. 5464-0,9 5,04-0,5 3 1-1-0,5 2,341,0
Monkey. . . . .. 11,540,7 7.240.6 2,74+0,5 6,340,9
Dog ....... 8,441,3 4,041.5 1,94-0,4 4,64-0,5
No, of Glial Cells per 0,001 mm3
Man . ... .. 125,3-49,3 | 136,2-£8,7 | 137,3--5,8 | 113,6--15,8
Monkey. . . . .. 1404-21,3 | 145.3--7,8 | 144,6+12,7 | 135,3416,7
Dog ... ... 186,6-11,7 | 162,3+132,1 | 156,84-39,8 | 162,64-31,1

“Mean + Standard Deviation

It is apparent from this table that the number of neurons in
each nucleus in man is greater than in monkeys and dogs.

With the exception of the lateral nucleus, the correlation of
nucleic density in the monkey and dog are approximately the same
as in man.

In the lateral nucleus of the monkey and the dog, the neuron
density is less than in the superior nucleus.

Internal Organization of the Vestibular Nuclei

G. P. Zhukova (1965) studying the morphology of the vestibular
nuclei by Golgi's method in cats, dogs and rats, comes to the con-
clusion that the various types of nucleic cells can be classified
in three groups: specific, nonspecific and transitional. Such a
structure is inherent for all nuclei of the brain stem. Thus in
the brain stem the neurons of well-differentiated specific form-
ations (entering in the composition of analyzers and motor nuclei
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systems) and neurons typical of the reticular formation are clearly
differentiated according to basic indicators of structure: the
first are characterized by thick, branching and twisting dendrites,
short in the sensory and long in the motor formations; the second
have few, little-branching dendrites and long dendrites (Zhukova
and Lentovich, 1964; Zhukova, 1965). These two neuron shapes, as
the authors assume, are basic in all sections of the central nerv-
ous system. But in its caudal sections, i.e. in the brain stem

and in the spinal cord, there is a significant number of neurons,
transitional in structure, between the typical specific and typical
reticular types. Such elements are found either in the region of
the reticular formation or inside specific formations. In the
latter case transitional neurons, together with typical reticular
neurons also penetrating the given formations, compose the reticular
components as well as the inherently specific component. G. P.
Zhukova (1965) considers the correlation of the indicated neuron
groups (specific, reticular and transitional) on cross sections of
three different levels. The first level corresponds approximately
to the center of the caudal-rostral portion of the descending and
medial nuclei; the second passes through the rostral end of the
descending and medial nuclei through the lateral nucleus (Deiter's)
and the interstitial nucleus; and finally the third intersects only
the superior nucleus (Bechterev's).

On the first level the following characteristics of the neuron
structure are present. The medial nucleus is represented by typic-
al reticular neurons and, to a lesser degree, by neurons of tran-
sitional shape. Transitional neurons differ from reticular ones
by the large amount of branching and the thickness of dendrites
which gives them the well-known resemblance to specific cells
(Fig. 27).

In the medial nucleus, the transitional neurons are more sim-
ilar to reticular ones than to specific elements and are frequently
found in the lateral portion of the nucleus. Typical reticular
neurons are especially characteristic for the medial portion of the
nucleus, which without a visible border passes into the reticular
formation of the medulla oblongata. In the medial nucleus there
are no typical specific neurons. The nucleus under consideration
passes into the descending nucleus in a lateral direction.

A large part of the descending nucleus also consists of neurons
of the reticular or transitional types. However, here the tran-
sitional neurons predominate, some of which acquire a significant
resemblance to specific types. Moreover, unlike the medial nucleus,
the descending nucleus has typical specific neurons, scattered pri-
marily in its lateral portions. Thus the neuron structure of these
two nuclei changes in a medial-lateral direction in a definite way:
in the medial portions, the reticular types predominate; in the
intermedial, transitional; and in the lateral, specific neurons.
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Fig. 27. Chart of Neuron Structure of the Rostral
Level of the Medial (M), Descending (D), Interstitial
(I), and Lateral (L) Nuclei.

2. Neurons of Transitional Form;

1. Reticular Neurons;
c.r.xrestiform Body

3. Neurons of the Specific Type;
(Zhukova, 1965).

Consequently, as the author indicates, a gradual transition of

reticular neurons into specific ones through a series of inter-
mediate neurons 1is observed.

On a more rostral level, the neuron characteristic somewhat
changes, which is caused by the appearance here of a gigantocellular
lateral nucleus (Fig. 27). The gigantic cells of this nucleus can
be related to the same type of neurons as the gigantic cells of
the reticular formation. According to the way they are structured,
they represent transitional elements, from reticular to specific,
but differ by their gigantic or large sizes. These transitional
neurons are more similar to specific cells than to reticular types.
Their resemblance to motor neurons of the spinal cord is especially
pronounced. Gigantic or large cells of transitional form pene-
trate the adjacent portions of the medial and descending nuclei
(Mu, Du). This especially pertains to the medial nucleus, which
in the rostral section neighbors the lateral nucleus for a great
distance, while the descending nucleus, with the appearance of the
lateral nucleus, swiftly tapers down to nothing. On the other hand,
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the small transitional neurons characteristic of the medial and
descending nuclei are found in the portions of the lateral nucleus
adjacent to the nuclei (L2). However, at the given level the inter-
penetration of structures of various nuclei is expressed to a les-
ser degree than on the underlying level. At this level cells of
the specific type are distributed with greater concentration (D3);
here they are more numerous, since they are found not only in the
descending but also in the interstitial nucleus. They are concen-
trated in the most lateral portion of the descending nucleus and
in the interstitial nucleus touching it on the lateral side, which
basically consists of new cells.

At the level under consideration the same order of distribu- /9h
tion of various neuron forms is basically preserved, just as it is
in a more caudal direction. Specifically reticular neurons pre-

dominate in the medial, and specific neurons in the lateral sec-
tions of the entire complex of nuclel, while neurons of transition-
al types, including gigantic neurons, basically occupy an iInter-
mediate position (Fig. 27). This is clearly seen in the ventral
section where medial, descending and interstitial nuclei are present.
However, as opposed to the preceding level, here there are more
transitional and specific neurons than typical reticular neurons.
Thus a significant decrease in the number of typical reticular
neurons is noted the more one passes in a rostral direction, and

an increase in the number of specific or neurons approximating

them in structure is also noted.

On the most rostral level is the superior vestibular nucleus,
which basically consists of typically specific neurons (Fig. 28).
These neurons comprise the greater central portion of the nucleus
and are distributed more compactly than cells of the underlying
nuclei. Due to the indicated structural charactepristics, the
superior nucleus is sufficiently clearly separated from the other
nuclei of the vestibular complex. However, there are single neurons
of the reticular transitional type in it which are found primarily
in the peripheral regions of the nucleus or in a small number be-
tween the specific cells, dividing these latter into islets.

The differences in neuron structure of the vestibular nuclel
described above correspond in their basic features with the gener-
ally accepted classification of these nuclei developed on the basis
of the cytoarchitectonic method. However the study of neuron
structure by Golgi's method showed that the vestibular nuclei are
separated from one another unequally clearly in the rostral and
caudal level. Thus at the level of the medial and descending
nuclei, where it is possible to observe only a gradual transition
from the reticular neurons to specific neurons, it was not possible
to establish a precise boundary between the two nuclei. On a more
rostral level, a group of specific cells of the interstitial nucleus
is distinguished which, however, adjoins the similar cells of the
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adjacent portion of the descending nucleus. Here even the lateral
nucleus, constructed of cells which are close to specific cells, /95
is noticeably different from other structures. Finally, the most o
rostral superior nucleus, consisting basically of specific cells,

is a completely separate formation. Aside from the caudal to the
rostral pole of the complex of vestibular nuclei, the quantitative
relationship of various neuron forms changes. At the caudal levels,
reticular cells, or cells similar to reticular cells, predominate.

At more rostral levels, the number of specific cells or cells
approximating specific cells increases. At the most rostral level
these typical specific cells compose the basic mass of elements.

Thus on the basis of charac-
teristics of the neuron structure
of the vestibular nuclei, it is
possible to judge their ever in-
creasing structural differentia-
tion in the caudal-rostral dir-
ection. Moreover, the study of
neuron structure permits us to
note the definite character of
their changes even in the medial-
lateral direction; reticular cells,
numerous in the medial portions
of the nucleic complex, are re-
placed by transitional and finally
by specific forms of neurons in
its lateral portions. These cor-
relations are clearly noted on
the mean central level of the
vestibular nuclei. The medial
nucleus, especially its caudal
and medial portions which are dir-
ectly fused with the reticular
Fig. 28. Chart of the Neuron formation, displays reticular
Structure of the Superior Nu- structural features to the great-
cleus. The Same Types of Cells est degree. Only the superior

are Designated with Numbers as and interstitial nuclei in the /96
on Fig. 27. a = axon, vestibular complex appear as
(Zhukova, 1965). classical specific formations.

Are there fibers from various portions of the labyrinth dis-
tributed in definite zones of the vestibular complex? The only
studies on this question are the reports of Lorento de No (1926,
1933), who described in detail the bundles coming from the separ-
ate cristae and maculae, defined the topography of the cells in the
vestibular ganglion and made a careful analysis of the distribution,
inside the vestibular nuclei, of the fibers originating from vari-
ous portions of the vestibular ganglia (investigation was carried
out on mice by Golgi's method). These fibers can be divided into
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5 groups. The fibers in the cristae of the semicircular canals
(Groups I and II) end in the superior nucleus in the most lateral
portion of the descending nucleus, and partially in the medial
nucleus. These fibers do not feed Deiter's nucleus, the ventral
portion of which receives vestibular afferents from the utriculus
macula (Group IV). Group IV fibers do not arrive at the superior
nucleus or, apparently, at the medial nucleus; at the same time
some of them, evidently, end in the descending nucleus fibers

from the sacculus macula (Group IV), probably, pass basically to
the dorsal lateral portion of the descending vestibular nucleus.
Thus, it is found that the superior nucleus is fed only by fibers
from the cristae of the semicircular canals. The question of
whether the lateral nucleus is fed only by utricular fibers remains
open; thus it is impossible to establish definitely whether the
utriculus or cristae is the exact origin of Group II or III fibers
which end in Deiter's nucleus, and supposedly also in the medial

nucleus.

After the studies of Lorento de No, it became evident that
although fibers from the maculae and the semicircular canals have,
in part, different central representation, as a rule the distribu-
tion of afferents from various receptor regions of the labyrinth
in specific portions of the complex of the vestibular nuclei still

is not selective.

A simplified and systematized depiction of the basic afferent
and efferent connections of the vestibular nuclei is presented in
the schematic drawing (Fig. 29) borrowed from A. Brodal and others

(1966).

The superior and lateral nuclei, morphologically more clearly
differentiated, connected with thicker peripheral afferent fibers
and originating magistral efferent paths, probably are specialized
for the perception and the rapid directional transition of epi-
critical vestibular sensitivity in an ascending (through the super-
ior nucleus) or descending (through the lateral nucleus) direction.
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Fig. 29. Simplified and Schematic Depiction of the
Basic Afferent and Efferent Fibers of the Four Pri-
mary Vestibular Nuclei (Brodal et al., 1966).

(A) Basic Connections of the Lateral Vestibular Nu-
cleus; (B) The Same of the Upper Vestibular Nucleus;
(C) The Same of the Medial Vestibular Nucleus; (D)
The Same of the Descending (Inferior) Vestibular
Nucleus and of Groups f and .
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According to the assumption of G. P, Zhukova (1965) there may be /98
a question here of the precise localization of objects in the -
surrounding medium, and the creation of images of their location

on the basis of labyrinth stimuli, as I. S. Beritov described (1961).

The superior nucleus, both according to its neuron structure
and by the nature of its connections, reveals a great similarity
to the rostral portion of the complex of nuclei of the trigeminal
nerve, and specifically to its main sensory nucleus. These two
nuclei at definite levels of the trunk are apparently fused to-
gether, practically turning into one undivided formation. The
indicated correlations evidently must be considered for the explan-
ation of the mechanism, ensuring participation of fine proprio-
ceptive and cutaneous stimuli (in the given case stimulil of the
head regions) in the formation of vestibular reactions of the
organism (Zhukova, 1965).

There are also bases to assume that the descending and medial
nuclei, weakly differentiated from the reticular formation in the
medial portion, connected primarily with the thin afferent fibers
and forming efferent paths of a reticular type, are related to the
perception of protopathic vestibular sensitivity, diffusely propa-
gated further through the reticular formation. These nuclel can
be compared with the more caudal portions of the complex of nucleil
of the trigeminal nerve, i.e., with nuclei of the descending root,
and also with the nucleus of the solitary tract. In addition, the
lateral, more specific portion (in neuron structure) of the
descending vestibular nucleus, together with the interstitial nu-
cleus adjoining it, evidently is functionally close to the superior
nucleus supplying perception of finer vestibular stimuli. More-
over, the features of structural resemblance, and, in places, even
the fusion of this portion of the nucleus with the internal and
external nuclei of the sphenoid bundle (Burdach's) can be presented
in connection with the participation of fine proprioceptive and
skin stimuli (in this case, the region of the trunk) in vestibular
functions (Zhukova, 1965).

The remaining, larger portion of the descending nucleus and
particularly the medial nucleus, basically consisting of reticular
cells are represented, as one might conclude on the basis of com-
parison with other sensory formations of the brain stem and data
on the conducting paths, as a structure through which protopathic
vestibular sensitivity is mediated. The fact that the medial nucleus
is inseparable from the adjacent section of the reticular formation,
in which the afferents of the protopathic, somatic and visceral
activity end, permits us to assume the participation of these types
of sensitivities in the vestibular function and to present in,
particular, a morphological basis for the vegetative component /99
of vestibular reactions which is known in physiology. At the same =
time, in the descending and medial nuclei and primarily in the
medial section of the medial nucleus, impulses from other portions
of the brain can evidently be switched, in some way or another,
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influencing the vestibular function. The latter concept was ex-
pressed by A. Brodal et al (1966) on the basis of the fact that in
this part of the nucleus the efferent fibers, not from the labyrinth,
but from various central sources, terminate from the cerebellum,

from the upper sections of the brain and from the spinal cord. The
data presented on the neuron structure of these nuclei, indicating,
in particular, the parts of a large number of reticular neurons,
especially in the medial nucleus, completely agrees with such a

view, since these reticular cells usually serve as the place for
switching impulses of various sources {(Zhukova, 1965).

Reactions of the Neurons of Vestibular Nuclei
to Adequate Stimulation of the Vestibular
Apparatus, the Double Work of the Vestibular Apparatus

Responses of Neurons of the Vestibular Nuclei
to Angular Accelerations

Adrian (1943) first recorded the discharges of specific neur-
ons of the vestibular nuclei. Experiments were conducted on de-
cerebrated cats lacking cerebellae under nembutal anaesthesia.

The depth of electrode penetration was no more than 1 mm from the
bottom surface of the 8 vestibules,

Adrian discovered units for which a more effective stimulus
was rotation in a plane near to the horizontal and to responses
of which neither inclinations of the head relative to the terrestrial
vertical nor linear accelerations had any influence., With accele-
rated ipsilateral rotation, the activity of the units increased;
contralateral rotation depressed their activity. Insofar as there
are not only spontaneously active units, but also units which are
silent at rest and discharging with almost constant frequency at
all times, the author came to the conclusion that there is a wide
diversity in the irritability of the vestibular neurons.

Also important is Adrian's observation that rotation in the
frontal plane has an influence on units reacting to rotation in
the sagittal plane, and inversely. The same units reacting to
rotation in the horizontal plane were not subject to the influence
of rotation in the frontal and sagittal planes, and at the same
time rotation in the horizontal plane did not influence units
reacting to rotation in these planes. Such canal interaction
essentially differs from reactions obtained by Lowenstein and Sand /100
(1940) (cf. Table 4) in the skate, and possibly attests to further,
more precise division of functions between the separate semi-
circular canals in the higher vertebrates.

With similar experimental conditions, actually under chlora-
lose anaesthesia, Gernandt (1949) introduced a microelectrode
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along the vestibular portion of the eighth nerve of a cat in the
space between the internal acoustic meatus and the medulla oblon-
gata and discovered, in addition to the units discovered by Adrian
(Type I according to Gernandt) units which reacted with an increase
(or decrease) in frequency of spontaneous discharge with rotation
in both directions. Analogous data were obtained on rabbits by
Eckel (1954) who registered the rhythm of neurons from the region
of the vestibular nuclei.

Duensing and Schaefer (1958) discovered, in cats under light
ether anaesthesia, one more type of neuron which reacted in an
opposite way to Type I neurons: with ipsilateral acceleration,
the activity of the neurons was suppressed; with contralateral, it
was 1lncreased.

All the described experiments were characterized by the same
insufficiency: +they did not insure electrophysiological control
of the elapsed applicability of the registered action potentials
to secondary neurons of the vestibular nucleili, which introduced
confusion in treating the results of investigations (Lowenstein,
19563 Gernandt, Gilman 1960).

Moreover, they did not expose quantitative regularities of
the change in impulsation frequency of neurons with the action of
adequate stimuli.

The excellent analytical studies conducted by Shimazu and
Precht (1965, 1966) and Precht and Shimazu (1965) with the applica-
tion of microelectrode technique on cats decerebrated at the inter-
collicular level did not have these insufficiencies.

The microelectrode was introduced into the brain stem under
visual control 2.5 to 4 mm lateral of the central line and 3-6 mm
caudal of the lower corpus bigeminum. The depth of the position
of the majority of nerve units clearly reacting to horizontal ang-
ular acceleration and electrical stimulation of the vestibular
nerve was from 1.5 mm dorsal up to 0.5 mm ventral of the standard

point.3

3On the scale of a micromanipulator the position of the micro-
electrode was noted, where its tip touched the central line of
the bottom of the fourth ventricle 4-5 mm caudal of the lower

corpus bigeminum. The coordinates of the tip of the electrode
were calculated relative to this "standard point".
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Higtological analysis showed that injuries caused by the tip
of the electrode were localized in the superior and medial vestibu-
lar nuclei, but sometimes in the lateral nucleus and the rostral
portion of the descending nucleus.

With stimulation of the vestibular nerve by a single shock of /101
electrical current in the region of an ipsilateral vestibular
nuclei, the summary elicited potential of the characteristic form
was registered. It consisted of an initial positive-negative
deviation (P) and a large (Ny) negative wave. The change in the
amplitude of potential N; with a shifting of electrodes in the
dorsal-ventral direction gave supplementary information on the
shift of the electrode tip. Actually the amplitude of potential
N, sharply diminishes (Fig. 30b) when the tip of the electrode
intersects the border of the vestibular nucleus, especially its
ventral border. As the histological control showed, the tip of
the electrode was moved inside the vestibular nuclei, when the
amplitude of the potential Nj; was greater than 1/3 or 1/4 of the
maximum amplitude, obtained by single immersions of the eiectrocde.
With the application of this criterion, the intensity of vestibular
nerve stimulation must be half the threshold for the generation of
potential N;, since with stronger stimulations in the ventral
portions of the nuclei complex responses were registered, probably
due to the superposition of the elicited potentials of the ponto-
bulbar reticular formation (Gernandt et al., 1959).

With a single ventrical stimulation of the vestibular nerve
in the ipsilateral vestibular nuclei, the elicited responses of
specific neurons which were observed on a background of potentials
Ni; and N, but never arose earlier than potential N;, were registered
in the form of action potentials with an amplitude of 0.3 to 1.2
mV.

The frequency of elicited discharges did not produce a rhythm
frequency with an interval between stimulation of less than 5 msec
(Fig. 31).

The latent period of commissure responses were not constant,
and were distributed over a range from 0.1 to 8 msec and greater.
These results attest to the fact that the elicited discharges
belong to post-synaptic elements of the vestibular neuron, and do
not appear as action potentials of the vestibular nerve's primary
fibers.

Thus, in the studies of Shimazu and Precht (1965), for the
identification of neurons, they considered the localization of
neurons in the vestibular nuclei, histologically controlling the
trans-synaptic response to electrical stimulation of the vestibular
nerve, having indicated that commissure discharges were registered
from secondary neurons of the vestibular nuclei and not from
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primary fibers, and also a clear reaction to horizontal angular
acceleration, and deceleration, indicated a functional connection
between the registering nerve units and the receptors of the
horizontal semicircular canals.
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Fig. 30. Elicited Potentials in the Vestibular Nuclei and Their
Correlation with the Localization of the Electrode Tip (Shimazu,
Precht, 1965).

(2) Summary Potentials Elicited by Single Stimulation of the Ipsi-
lateral Vestibular Nerve. Deviations Upward Indicate Negativity of
the Outgoing Potential. Each Records 20 Sweeps of the Ray. The
Time Scale is 1 msec, Calibration 500 uV; (b) Schematic Drawing of

a Cross Section of the Brain Stem Where Biopotentials were Register-
ed. The Vertical Line Indicates the Depth of Immersion of the
Electrode (Scale 500 um); S, L, M and D are the Superior, Lateral,
Medial and Descending Nuclei; OLS Superior Olive; N VII - 7th Nerve;
VI - Nucleus of the 6th Nerve; (c) Change in Amplitude of the Po-
tential N; with the Depth of the Immersion of the Electrode. The
Zero Point of the Scale Corresponds to the Level of the Central Line
of the 4th Ventricle's Bottom Surface. The Horizontal Dotted Lines
Indicate the Superior and Inferior Borders of the Vestibular Nuclei.
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Fig. 31. Responses of Neurons of the Vestibular Nuclei to Stimu-
lation of the Ipsilateral Vestibular Nerve.

(a) All Spikes Superimposed on Potential N;; (b) Responses of the
Same Neuron to Paired Stimulation with an Integral of 4.4 msec;
(c) Responses of the Other Neurcons; the Spikes Are Superimposed on
Potential N;; (d) Responses of the Same Neuron to Double Stimu-
lation with an Interval of 4.0 msec. Time Scale 1 msec, Calibra-
tion 500 wV. Each Recording was Obtained by the Superposition of
15 Ray Sweeps. The Original Positive-Negative Deviation on Each
Recording is an Artifact of the Stimulation. (Shimazu, Precht,
1965).

Of 306 registered neurons reacting to angular acceleration
in the horizontal plane, 205 showed an increase in discharge fre-
quency with ipsilateral angular acceleration, and, if they possessed
spontaneous activity, then with contralateral acceleration the
discharge frequency decreased (Type I neurons). With 90 neurons
the discharge frequency decreased with ipsilateral acceleration and
increased with contralateral decelleration (Type II neurons).

In 10 neurons the discharge frequency increased with acceler-
ation in both directions (Type II neurons).

In one neuron the discharge frequency decreased with acceler-
ation in both directions (Type IV neurons).

Qualitatively, only the responses of Type I neurons were in-
vestigated.
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102 out of 122 Type I neurons showed spontaneous activity.
With rotation in the ipsilateral direction during constant angular
acceleration, the frequency of spontaneous discharge in such neurons,
as is shown in Fig. 832a, at first increases smoothly, attains the /104

maximum and then remains unchanged despite continuing accelerated
rotation. The maximum frequency value depends upon the amount of
acceleration. After departure at a constant speed of rotation the
discharge frequency smoothly decreased to the level of spontaneous
activity. The authors called these neurons "tonic". The intra-
commissure intervals of tonic neurons are sufficiently constant.

In the remaining 20 neurons, spontaneous activity was either
completely absent or only random discharges with a frequency less
than 0.5 Hz were observed. As 1is shown in Fig. 32b, such neurons
react to ipsilateral angular acceleration by a swift decrease in
frequency from zero to a maximum value after a long latent period.
With a departure at a constant speed of rotation, the decrease in
the frequency is just as rapid. The authors called these neurons

kinetic.

Intracommissure intervals of kinetic neurons, as distinguished
from the tonic ones, are irregular. Mathematical analysis showed
that in 2/3 of the Type I neurons the change in impulsation frequency
with the action of constant ipsilateral angular acceleration is de-
scribed by the equation

. !
YV —vy == (Vigax — Vo) (1 — e )‘_)

' (1)

where )X is the time constant of the frequency response. This
empirical equation corresponds in form with the theoretical

equation (26) (Chapter II) describing the motion of the cupula

under the action of constant angular acceleration, whereby A corres-
ponds to the time constant ¢/k of the semicircular canals.

In the remaining neurons the discharge frequency either was
changed approximately according to the linear law or, after attain-

ing maximum value, somewhat decreased. For such nonexponential
changes, the period from the beginning of a change in frequency to
the moment when this change attains a value (vpgzy, - vg) (1 = 1l/e)

is used as a convenient rough evaluation of .

The average value of X of the tonic and kinetic neurons was,
respectively, 8.1 + 1.6 and 3.7 + 0.8; moreover this difference is
statistically reliable (p < 0.01). Values of A measured during a
decrease in discharge frequency after departure at a constant speed
of rotation were approximately the same.

Mathematical analysis of the experimental data also showed
that the dependency of the maximal change in discharge frequency

of Vmax ~ Vo from the value of long-acting constant angular
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acceleration (a) in a range of 0.5 - 19°/sec? is well approximated
by the logarithmic function

‘o
Vmax — Vo ﬁblna—,
0

(2)
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Fig. 32. Change in Frequency of Tonic (a) and Kinetic (b) Vestib-
ular Neurons with Ipsilateral Constant Angular Accelerations.
Curves Under Each Frequency Diagram at Various Periods of Rotation.
Slanted Portions are Periods of Acceleration, the Horizontal Ones
Periods of Rotation with a Constant Speed, Numbers are the Values
of Acceleration and Speeds (Shimazu, Precht, 1965).

97




where o, is the value of threshold acceleration; b the proportion- /106
ality coefficient, or, if the dependence (2) is constructed in a
semilogarithmic scale, the value of the tangent of the angle of
inclination of a direct line to the logarithmic axis (Fig. 33).

og and b in (2) were defined for each unit after several rotations
(usually 5-10) for various values of accelerations.

To avoid any systematic error with the definition of the
threshold of oy, the authors gave a number of accelerations with
random distribution. When acceleration was applied near the
threshold acceleration, the change in frequency was so small that
it was almost impossible, especially with tonic neurons, to dis-
tinguish the response from spontaneous frequency fluctuations.
Therefore a change in frequency greater than 5 Hz was accepted as
a response.

Strictly speaking, the

& dependencies (2) constructed

= 2 X ; . .

o £ in semilogarithmic scale

> @ ol (Fig. 33) are possibly not

gc)wL / rectilinear in a reglon near

o @ .

zJZM> t?e abscissa, and cogld be con-

e 2, tinued up to 0 °/sec?. 1In

%E this case no threshold would

8 g' exist. As we have already

3 6243 MQ7I“E§L3 5710 noted, Groen et al. consider

g Acceleration,degrees/sec2 that in spontaneously active

fibers of the ampullar nerwe
Fig. 33. Dependency of Maximum there 1s no threshold. How-
Change in Frequency on the Value ever, in the experiments of
of Angular Acceleration in Tonic Shimazu and Precht, statistic-
(1) and Kinetic (2) Vestibular ally significant changes in
Neurons (Shimazu, Precht, 1965). impulsation frequency with
acceleration lower than thresh-

old acceleration were not observed in a majority of units. The

lowest threshold found in the experiments was 0.23 °/sec?.

The mean thresholds (ag) of tonic and kinetic neurons were
equal to 0.93 + 0.55 and 4.65 + 1.84°/sec?, The values of the co-
efficient b defining the rate of change in frequency with an in-
crease in the value of angular acceleration were equal to 31.6 +
11.8 and 85.7 + 30.5 °/sec, respectively. The difference between
these values in both groups of neurons were statistically reliable

(p < 0.01).

It is interesting that in two neurons with low spontaneous
activity under the action of low-valued angular acceleration the
discharge frequency decreased smoothly as in tonic neurons (large _
A). Nonetheless they had high thresholds (o) and with great /107

accelerations they showed a rapid change in frequency (small 1)
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which is characteristic of kinetic neurons. Neurons of such mixed
character possibly form an intermediate group of Type I neurons.

Thus in decerebrated anaesthetized cats the vestibular neurons
of Type I fall into two distinct groups according to the nature of
their response to adequate stimulation of the semicircular canals:
kinetic and tonic neurons. Kinetic neurons are characterized by
an absence of spontaneous rhythmic discharge, by high thresholds,
by significant latency, by a rapid change in frequency with the
action of constant angular acceleration and by an abrupt growth
in maximum discharge frequency with a growth in the value of accel-
eration. Tonlc neurons have the opposite characteristics. Because
of the absence of spontaneous discharge, kinetic neurons are found
to be more complex than tonic neurons. Therefore the ratio of the
usual number of tonic and kinetic neurons found in the experiments
of Shimazu and Precht (1965), 5:1, probably is not representative
of actual neuron populations.

As was indicated in Chapter II, with an indefinitely long
rotation under constant angular acceleration, the cupula is de-
flected and angle 6,, = a-%[cf. (6) Chapter II]. Comparing this
expression with the empirical equation (2), it is possible to ex-

tract the correlation

0
v,mx—vozbln—%:f—, (3)
where 65 is the deflection of the cupula corresponding to the
threshold acceleration; i.e., the maximum change in frequency with
long-lasting angular acceleration proportional to the logarithm

of the maximum deflection of the cupula.

A logarithmic relationship (3) between the neuron's maximum
change in frequency and the acceleration was made in a range of

accelerations from 0.5 to 10-17°/sec?.

As was indicated in Figure 32, both the tonic and kinetic
vestibular currents usually preserved the maximum discharge fre-
quency unchanged over a prolonged period of the action of constant
angular acceleration, ie. tendencies toward adaptation did not
appear.

However, in 1/5 of all registered neurons the discharge fre-
quency decreased somewhat after attaining a maximum value, despite
continuing accelerated rotation. These neurons showed a clear over-
lapping of the spontaneous discharge frequency when the platform
suddenly stopped after prolonged (3 min) rotation at a constant
speed. In several cases the discharge frequency then not only
returned to the rest level, but even exceeded it. In kinetic neu-
rons, overlapping was usually not observed due to the absence of
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spontaneous discharge, but a consequent appearance of discharges
was observed.
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Fig. 34. Different Models of Frequency Responses of Singular
Vestibular Neurons.

(a) Response of a Tonic Neuron to Ipsilateral Angular Acceleration
(7°/sec?). Vertical Dotted Lines Indicate the Beginning of Accel-

eration and the Moment of Departure at a Constant Speed (195°/sec);

(b,c) Responses of Tonic Neurons to Stop Stimulus (b: 100°/sec;
c: B65°/sec); (d) Response of a Kinetie Neuron (150°/sec) with
Contralateral Rotation. (a-b) Were Obtained From Animals with a
Destroyed Contralateral Labyrinth (Shimazu, Precht, 1965).

Neurons which preserved a maximum frequency during extended action
of acceleration without any adaptation did not show overlapping
after a sudden stop of rotation and, on the other hand, neurons
which decreased the discharge frequency showed a pronounced over-
lapping to some degree or a damping oscillation after stopping
(Fig. 34). Then it would be possible to suppose that the observed
decrease in frequency during acceleration is not an actual adapt-
ation, but only the initial phase of this oscillation.

It remained unclear whether damping oscillations of discharge
frequency around the rest level were elicited by the peripheral
mechanism or by the activity of the central nervous system. It is
interesting that Groen at al. (1952) observed a similar phenomenon
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in primary fibers of the ampullar nerve of a skate after applica-
tion of stop-stimuli.

The contralateral labyrinth, as the author indicated, is not /109
responsible for oscillations since oscillations were observed even
after its destruction.

Thus the experiments of Schimazu and Precht (1965) did not
give convincing proofs of the existence of any significant adapt-
ation in Type I neurons when long-lasting constant angular accel-
eration was used as an adequate stimulation of the terminal organs
of the semicircular canal, which agrees with the assumptions of
Ross (1936) and Adrian (1943), and also with the data of Crampton's
investigations (Crampton, 1965) on neurons of the vestibular nu-
clei in a cat.

Lowenstein (1965) investigated the action of galvanic polar-
ization and discharge of impulses from the terminal organs of the
horizontal semicircular canal of the skate. He showed that with
exponential increase in the value of the stimulation current
(which simulated a deflection of the cupula with the action of
constant angular acceleration) the discharge frequency adapts very

slightly. On the other hand, with the inclusion or exclusion of
current, the discharge frequency at first sharply changes, but
afterwards a significant and rapid adaptation is observed. The

response of the tonic and kinetic neurons is similar to the re-
sponse of terminal organs of the semicircular canal to slowly
increasing polarizing current. Possibly if the cupula is swiftly
deflected and held in a deflected position, adaptation will be ob-
served. To a certain degree, the results of Ledoux's studies
(1961) are explained by a similar phenomenon.

The Functional Connections of Type I Neurons
with Primary Vestibular Afference

As Shimazu and Precht (1965) indicated, the elicited potential
of the vestibular nuclei in response to a single electrical stimu-
lation of the ipsilateral vestibular nerve consists of a positive
or positive-negative wave (P), a large negative wave (WN;) and a
small delayed negative wave (N,). The latent period of the poten-
tial P, measured from the index of the artifact of stimulation to
the top of the positive wave, was 0.66 + 0.14 msec (Precht, Shimazu,
1965), and can indicate the moment of arrival of the afferent
impulses at the axon terminal (Brooks, Eccles, 19u7). The potential
P reproduces a rhythm of nerve stimulation with a frequency of up
to 200 Hz without any visible changes in amplitude, is resistant
to nembutal anaesthesia and increases in amplitude, when the micro-
electrode is introduced into the medulla oblongata near the entrance
of the 8th nerve. Thus the potential P reflects the total elicited
commissure activity, chiefly of the primary vestibular nerve ele-
ments, although antidromic responses of the afferent fibers to the
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terminal organ probably are also included in the summary potential
(Gacek, 1960). A more pronounced component of the elicited summary
potential is the potential N3, the amplitude of which sometimes
exceeded 1 mV. The latent period of the potential N; is 1.06 +
0.22 msec; i.e., it rises in approximately 0.4 msec after the
arrival of afferent impulses at the axon terminal. The duration
of the potential is 1 - 1.5 msec. With rhythmic stimulation of
the vestibular nerve at a frequency of 30 Hz, the amplitude of the
potential decreased to 70% for 1 sec and to 40% with a stimulation
at a frequency of 100 Hz. The full restorative period of the
potential was around 10 msec, With deep nembutal anaesthesia the
potential N; almost completely disappeared and was replaced by a
slow negative wave of small amplitude, representing possibly the
synaptic potential of the vestibular neurons (Brooks, Eccles,
1947). Thus the potential N; reflects the summary monosynaptic-
ally elicited commissure activity of the neurons of the vestibular
nuclei.

The latent period of the potential N, is 2.46 + 0.26 msec,
the duration 2 - 3 msec or more. With rhythmic stimulation of the
vestibular nerve at a frequency of 30 Hz the amplitude of the po-
tentials decrease 40%, and with stimulation at a frequency of 100
Hz, to 15%; i.e. potential N, is more sensitive than N; to high
frequency stimulation. The complete restorative period lasted
more than 20 msec. The potential N, is more sensitive than the

potential N; both to nembutal anaesthesia and to the physiological
conditions of the animal.

With stimulation of the vestibular nerve, the elicited sum-
mary potentials are registered not only in the ipsilateral vestibu-
lar nuclei but also in the ventrally located pontobulbar reticular
formation. Since the response of the reticular formation has a
threshold higher than the thresholds of any component (P, N; and
N5) of the elicited response in the vestibular nuclei, it is pos-
sible to conclude that the summary potentials N3 and N, were
produced by an internal mechanism of the vestibular nuclei and not
by a reticular formation.

When the vestibular nerve was stimulated during contralateral
rotation at a constant speed (200°/sec) by weak current impulses,
small N; and N, potentials were registered. After cessation of
rotation the potential N; noticeably increased, while the potential
N, decreased insignificantly.

Thus the neural mechanisms responsible for the origin of the
potential N¥; are more sensitive to the action of adequate stimu-
lation of the labyrinth than the mechanisms responsible for the
potential WN,.




We recall that all the nerve units described in this section
are second order neurons of the vestibular nuclei, which increased
the impulsation frequency with the lateral angular acceleration
and, if they possess spontaneous activity, decrease the discharge
frequency with contralateral acceleration. Thus they show a Type I
response to rotation (Gernandt, 1949; Duensing, Schaefer, 1948;
Shimazu, Precht, 1965). Insofar as such a type of response is com-
pletely identical to the impulse activity of the primary afferents /111
from the ipsilateral horizontal semicircular canal (Lowenstein,
Sand, 1940 a and bj; Ledoux 1949 at al.). It is no surprise that
all these neurons are excited by electrical stimulations of ipsi-
lateral primary vestibular fibers and not one of them manifested
inhibition.

The majority of kinetic neurons of the ipsilateral vestibular
nuclei were excited by stimulation of the vestibular nerve with
sufficient stable latent periods of elicited discharges which al-
ways appeared against the background of the summary potential Nj.
Even with minimal intensity of stimulation, the duration of latent
periods was small: 1.2 to 2 msec, i.e, action potentials arose in
0.6 ~ 1.4 msec after the arrival of nerve impulses at the axon
endings of primary neurons. With a stronger relationship, dis-
charges of the nerve arose with a retardation of 0.4 to 0.8 msec.
A small value of synaptic retardation and its insignificant fluc-
tuation attests to the fact that kinetic neurons are activated
chiefly monosynaptically by primary afferent impulses. Such a
conclusion agrees well with the characteristic of monosynaptic
SPSD neurons of the lateral vestibular nucleus elicited by stimu-
lation of primary vestibular afferents (Ito, et al., 1964), and
also with anatomical investigations of the connection between the
primary fibers of the vestibular nerve and neurons of the vestibu-
lar nuclei (Walberg et al., 1958).

Responses of the majority of tonic neurons, registered only
in the absence of anaesthesia, with minimum intensity of stimu-
lation had comparatively prolonged latent period with great scat-
tering: 1.5 - 8,5 msec, Such a neuron reaction may be elicited by
slow, retarded depolarization of neurons of the vestibular nuclei
in comparison with short, latent, deep depolarization of mono-
synaptic SPSP (Ito et &l., 1964).

It is possible thet the prolonged latent period of tonic neuron
excitation after a single stimulation of the vestibular nerves is
explained by the low speed of impulse conduction along the primary
afferent fibers, provicing excitation of tonic neurons. Actually,
activation of the two groups of Type I neurons by afferent fibers
of various diameters is completely probable, insofar as the spec-
trum of diameters of single fibers of the vestibular nerve is
sufficiently broad: in the guinea pig it is 1-9 p (Wersall, 1956).

However Precht anc Shimazu (1965) showed that the threshold
intensities of electric stimulation of the vestibular nerve for




the excitation of tonic and kinetic neurons do not differ in practice.
Furthermore, several tonic neurons were excited by very weak stim- /112
uli near the excitation threshold of primary afferent fibers
(P-potential). Consequently having only the basis of differences

in the speed of conduction of afferent fibers makes it difficult

to explain the prolonged latency of tonic neuron activation.

The authors consider that it is possible that a prolongation
of the latent period is explained by differences of synaptic con-
tacts of the primary afferents with tonic and kinetic neurons.

Walberg et al. (1958) and Brodal et al. (1966) showed that
the primary vestibular fibers to the lateral vestibular nucleus
abundantly connect the dendrite processes of small cells and also
end at the surface of the pericarion. Possible this is true even
for other vestibular nuclei (Brodal et al., 1966).

Fadiga and Brookhart (1960) found that in the from the SPSP
of motor neurons elicited monosynaptically through axodendrite
synapses from fibers of the dorsal roots has a more prolonged
development in time than the axosomatic SPSP from fibers of the
lateral column. These effects were observed even under membutal
anaesthesia. Therefore the prolonged latent period of tonic
neuron excitation could be explained by the slow increase in
depolarization through axodendrite synapsis. However, in the ex-
periments of Precht and Shimazu (1965) after the introduction of
nembutal which, as is known, suppressess the multisynaptic trans-
mission, no synaptically significant difference was found in the
characteristics of the impulses and duration of latent periods
between kinetic and tonic neurons in response to stimulation of
the vestibular nerve. Therefore the second assumption does not
explain the obtained results. The existence of multisynaptic con-
nections in the vestibular nuclei (Ito, et al., 1964), in the
opinion of Precht and Shimazu, best explains the long latent period
of tonic neuron activation after weak, single stimulation of the
vestibular nerve.

The retarded response can be elicited by a slow increase in
depolarization of the tonic neuron which is created by retarded
and synaptic bombardment collected through multisynaptic paths.
When the stimulation intensity increased, discharges were observed
even with small stable latent pericd and retarded discharges,

so that the tonic neurons even have monosynaptic connections. With
weak stimulation not only were monosynaptic discharges and retarded
discharges observed, but also secondary retarded discharges. These

latter discharges were elicited probably also by the retarded synap-
tic bombardment (Hunt, Juno, 1959). The fact that small doses of
nembutal eliminated only these retarded discharges strengthens the
concept of the multisynaptic origin of retarded commissures.

The response of kinetic neurons to vestibular nerve stimula- /113
tion is similar to the response of tonic neurons under nembutal
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anaesthesia; i.e., multisynaptic mechanisms appear relatively less
important in the activation of kinetic neurons than tonic ones.
Besides the well-established monosynaptic paths in the spinal cord
dividing the reflex of extensions, Granit et al., (1957) assumed
the principle of multisynaptic activation of tonic motor neurons.
Correspondingly, excitation with a long latent period from muscular
afferents with low thresholds in the tonic motor neurons of the
spinal cord, was discovered while the phase motor neurons were
excited only monosynaptically (Tsukhara, Ohye, 1964).

As possible anatomical substrata for multisynaptic excitation
of the vestibular nerves can be only the intercalory neurons in
the vestibular nuclei or the colateral axons, leaving the vestibular
nuclei (Brodal et al., 1966; Lorente de No, 1933b). Vestibular
connections (Gernandt et al., 1959) probably are not essential
for multisynaptic mechanisms, since activation of tonic neurons with
a long latent period was caused by stimulation intensity of the
vestibular nerve which was significantly less than that necessary
for reticular responses.

Since 1in the experiments of Precht and Shimazu the cortex
of the cerebellum and fastigial nuclei were separated out, the
possibility of including the cerebellum in multisynaptical excitation
of the vestibular nuclei neurons (Brodal, et al., 1966) was removed.

The absence of monosynaptic excitation in several tonic
neurons might be explained by the fact that, as histilogical data
show, definite regions in the vestibular nuclei are deprived of
vestibular afferents (Walberg et al, 1958). Insofar as many tonic
neurons were excited monosynaptically and multisynaptically with
weak stimulation of the vestibular nerve, it 1is improbable that all
tonic neurons are distributed in regions free from primary vestibular
afferents. Actually tonic and kinetic neurons are clearly distributed
side by side (Shimazu, Precht, 1966).

Mickle and Ades (1954) registered, in the vestibular nuclei
of the cat with stimulation of the vestibular nerve, an elicited
potential, the components of which had latent periods of 1 - 1.25
and 4 msec which correspond to the latent periods of the potentials
Ny and Ny. The characteristics of the potentials N; and Ny (latent
period, sensitivity to nembutal anaesthesia and to horizontal
angular acceleration) were, respectively, the same as in kinetic

and tonic neurons. Consequently the component No of the elicited
potential reflects the total activity of tonic neurons, which are /1lu
activated through multisynaptic chains. The described experiments

make it possible to assume that multisynaptic mechanisms are essential
for maintaining spontaneous activity of tonic vestibular influences.

Inhibition of the Central Vestibular Neurons
From the Contralateral Labyrinth and its Conducting Paths

With a single stimulation of the vestibular nerve, the
elicited potential is registered not only in the ipsilateral vestibu-
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lar nuclei but also in the contralateral ones (Shimazu and Precht,
1966), where it consists of an initial positive deflection and a
subsequent negative one (Fig. 35).

The amplitude of the initial positive deflection is on the
order of 50-75 uV (maximum 100 yV); the latent period measured
from the artifact of stimulation to the crest of the positive wave
is 2.4 - 2,5 msec (Fig. 35b).

Summary elicited potentials in the contralateral vestibular
nuclei are discovered in a clearly localized region. 1In Figure
35a the shaded area indicates the region where the amplitude of
elicited potentials consists of more than 30% of the maximum ampli-

tude of the initial positive potential. The region is localized in
the ventral portion of the medial nucleus and in the ventral-medial
portions of the superior and lateral nuclei. In the rostral-

caudal direction these elicited potentials were observed primarily
in the knee of the facial nerve, in the medial and superior nuclei
and gradually lowered to the rostral border of the superior nucleus.
The elicited potentials were not observed in the caudal halves of

the medial and descending nuclei. Figure 36a represents the elicited
potentials at various points of a cross section of the brain stem
in response to single stimuli of the vestibular nerve. In the

ventral-lateral portion of the ipsilateral vestibular nuclei there
was registered, as was described above, a large presynaptic potential
peak of primary fibers of the vestibular nerve and a small potential
N7 and No. When the electrode was introduced into the brain stem
along the central line, a three-phase potential was registered: a
small positive deflection preceded the negative-positive deflection.
The latent period of the negative component consisted of 2-2.1 msec.
The negative potential often had two peaks. This potential was
registered exclusively in the dorsal portion of the brain stem no
deeper than 1.5-2 mm. With the doubled stimuli at an interval of

5 msec, the response to the second stimulus was noticeably suppressed
(Fig. 36b), which is similar to the characteristics of Nj registered
in the ipsilateral vestibular nuclei, but differs from the character-
istics of the summary elicited potential of primary afferents which
produce a stimulation frequency up to 500 Hz.

Thus, a three-phase potential, registered in the dorsal portion
of the brain stem along the central line, reflects the summary
elicited activity, conducted along fibers, originating from the
secondary vestibular neurons on the ipsilateral side, and not
directly from primary vestibular afferents.

When the microelectrode was introduced into the ventral-medial
portion of the contralateral vestibular nuclei, an initial positive
potential was registered. This potential reacted the same as
potentials N; and N2 to double stimulation of the vestibular nerve,
which indicates its transynaptic origin. The authors did not dis-
cover any positive data on the existence of cross-primary fibers
to the contralateral vestibular nuclei, which agrees with the anatom-
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Fig. 35. Elicited Potentials of the Contralateral Vestibular Nuclei.
(2) Schematic Drawing of a Histological Section. The Vertical

Line Indicates the Position of the Electrode Tip; Scale 500 u; In
the Shaded Areas, Potentials with an Amplitude Greater than 30% of
the Maximum Amplitude of Positive Potential Were Registered. The
Remaining Designations are the Same as in Figure 30. (b) Summary
Potentials Elicited by Single Stimulations of the Vestibular Nerve.
The Intensity of Stimulation 1.2 V (2 Times Greater than the Thresh-
0ld of N1). Each Recording Was Registered at a Point Indicated by

Labels of Scale A and Obtained by the Superposition of 10 Ray Sweeps.

The Time Scale is 5 msec, Calibration 100 mV (Shimazu and Precht,
1966).

ical data of A. Rassmusen (1932). The latent periocd of the initial
positive potential equals 2.4 - 2.5 msec, which is 0.4 msec longer
than the latent period of the potential registered along the central
line of the brain stem. The latency of antidromic discharge of

Type I neurons equals 0.3 - 0.4 msec after a single stimulation,
applied along the central line of the brain stem (Fig. 36 e, A and
B). Hence it follows that the initial positive potential, which

is localized in the ventral-medial portion of the contralateral
vestibular nuclei, is produced by nerve impulses propagated along
the commissural fibers and passing under the bottom surface of the
fourth ventricle.

la7z
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Fig. 36. Elicited Potentials in Various Portions of the Conducting /116

Path From the Ipsilateral to the Contralateral Vestibular Nuclei.
(A) Response to Single Stimulation; (B) The Same to Double Stimula-
tion; (a) Active Electrode in the Ventral Portion of the Ipsilateral
Vestibular Nucleij; (b) Along the Central Line (0.5 mm Below the
Bottom of the Fourth Ventrical); (c) and (d) in the Ventral Portion
of the Contralateral Vestibular Nuclei; (e) Antidromically

Elicited Commissures of Type I Vestibular Neurons in Response to
Stimulation of the Dorsal Portion of the Brain Stem Along the
Central Line. The Moment of Stimulation is Indicated Below the
Oscillograph Point. The Stimulation Intensity was 2 Times Less Than
the Threshold of N (for a-d); for (e) it was 0.4 V. Time Scale:

1 msec for (a) and (e) and 5 msec for (b), (c) and (d). Calibrations:
(a), (e) = 600 and (b)), (c) and (d) = 100 uV. The Lower Diagram
Indicates the Point of Stimulation and Also Structures Connecting
the Elicited Potentials (Shimazu and Precht, 1966).

The arrival of the very first impulses in the ventral portion
of the nuclei can be approximately characterized by the peak of the
positive potential (Brooks, Eccles, 1947; Eccles 1966). The
character of the change in amplitude of the contralateral positive
potential with the increase in stimulation intensity is similar to
a change in amplitude of the ipsilateral potentials N3 and Np) but
differs from the elicited potentials of the reticular formation
(Fig. 37). The threshcld of the positive potential is definitely
lower than the threshold of potentials of the reticular formation.
These data also support the point of view that the elicited contra-
lateral potentials reflect the activity of the ipsilateral vestibu-
lar nuclei and not the activity of the reticular formation.

With a single stimulation of the vestibular nerve it is often

difficult to separate the subsequent slow negative component of
the elicited contralateral potential (Fig. 36a, d). Double stimu-

108



Amplitude, mV

U.
a b Multiplicity of threshold y,
c
d —
Fig. 37. Connection Between Summary Potentials and Responses of /117

Single Neurons.

The Upper Figure: Amplitudes of Potentials P, N; and Ny of the
Reticular Formation (RF) and Contralateral Vestibular Nuclei (CVN).
(a) Excitation Threshold of Type I Neurons With Stimulation of the
Vestibular Nerve; (b) Excitation Threshold of Type II Contralateral
Neurons; (c¢) Inhibition Threshold of Type I Contralateral Neurons;
(d) Stimulation Threshold of Type I Contralateral Neurons After
Medial-Dorsal Section of the Brain Stem. Thresholds Were Defined
with a Stimulation Frequency of 50 Hz. Scales of Amplitude:

I - for P, Ny and No; II - RF; III - CVN (Shimazu, Precht, 1966).

lation, however, elicited a large negative summary potential with /118
a latent pericd of 3.2 msec after the second stimulation (Fig. 36D,

d). These results indicate that some vestibular neurons are

excited by impulses conducted along the commissural fibers. The
negative potential is more pronounced in the ventral-medial portion

of the vestibular nuclei, although it is more dorsal than the region
where a sharp positive potential of commissural fibers (Fig. 36)

was registered, which corresponds with the localization of Type IL
neurons which are excited (as will be described below) through
commissural fibers.

After section of the brain stem along the central line from
the inferior corpus bigeminum to the obex, the initial positive
potential and the subsequent negative component markedly diminished
or even completely disappeared (Fig. 40). Figure 40 also illustrates
the results of histological investigation indicating the depth of
section necessary to eliminate elicited contralateral potential.
An incision represented by the black region only slightly decreased
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the elicited contralateral potentials, while destruction of the
shaded area completely eliminated the potential. Hence the con-
clusion: in order to remove the contralateral elicited potentials,
it is necessary to make a central section of the brain stem the
depth of around 2 mm and to somewhat broaden it in the direction

of the medial longitudinal bundle. Insofar as responses of vestibu-

TN o e Anra B gig. iBé Influen;etgf g Medigl_
ai: e Yﬁ> AN orsa ection o e Brain Stem
‘WV AT if”vv"f*wﬂl on the Contralateral Elicited

} Summary Potentials of the Vestibu-
lar Nuclei. (a) Control Responses;
(b) After Section (Shaded Area 1);
(c) Scheme of Histological Cross
Section of the Brain Stem Indicat-
ing the Depth of Section. Elicited
Contralateral Potentials Almost
Completely Removed by Section 1-3
and Insignificantly by Section 4.
-Each Recording was Made by the
Superpositions of 15 Ray Sweeps
(Shimazu, and Precht, 1966).

lar units to natural and electrical stimulation of the ipsilateral
vestibular nerve were the same after the section as before injury,
the change in summary potential is not connected with the general
depression of activity of the brain stem caused by injury. These
data serve as one more proof of the fact that summary potentials

in contralateral vestibular nuclei reflect the activity of ipsilater
neurons, conducted along commissural fibers and passing under the
bottom of the fourth ventricle.

With strong stimulation of the vestibular nerve in the contra-
lateral vestibular nuclei, the elicited summary potentials having
a complex multiphase form and 100-200 uV in amplitude observed.
Such types of potentials were especially pronounced in the under-
lying reticular formation, attesting either to the functiomnal or
physical distribution of the reticular formations response to the
vestibular nuclei. A medial section of the dorsal portion of the
brain stem did not change these potentials.

Inhibition From the Contralateral Labyrinth of the Type I
Vestibular Neurons

In 53 of 59 Type I tonic neurons identified in response to
horizontal angular acceleration, spontaneous discharge was suppresse
by weak rhythmic stimulation (300 - 100 Hz) of the contralateral
vestibular nerve. The intensity of stimulation, in addition, was
lower than the threshold for elicited potentials in the pontobulbur
reticular formation. In six of the neurons inhibitory influences
appeared to be weak. In the kinetic neurons, the effects of stimu-
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lating the contralateral nerve were investigated on discharges
elicited by rotational stimulation or by electrical stimulation of
the ipsilateral vestibular nerve. In each test the discharges of
the kinetic neurons were also suppressed by stimulation of the
contralateral vestibular nerve. Excitation was not observed in

any Type I neurons with weak stimulation of the contralateral nerve,
subliminal for the elicited potentials of the reticular formation.

With a medial section of the brain stem, cross-inhibitory
influences were completely removed. With stimulation sufficiently
strong to produce responses in the reticular formation, exciting
contralateral responses were observed. The depth of the section
necessary for complete removal of contralateral suppression of
Type I neurons was 1.5-2 mm, which corresponds to the depth of the
section removing elicited summary contralateral potentials.

Figure 37 represents the connection between the amplitude of /120

some potentials and single neuron responses. In this diagram the
amplitude of summary potentials in various portions of the brain

stem elicited by single stimulation of the vestibular nerve are
traced as a function of the intensity of stimulation expressed

in threshold values of the potential Nj. Given such a concept,

the connection between the amplitude of the elicited potential and
the intensity of the stimulus corresponded for various animals and
did not depend on the absolute value of the threshold stress,

which was influenced by the conditions of the stimulating electrode's
contact with the vestibular nerve. The curves of the change in
amplitude of potentials of P, N3 and N2 abruptly increase with the
value of the intensities of the stimulus by 2 1/2 times greater than
the threshold of the potential N;. This intensity corresponds to

the minimal value of stimulation necessary for eliciting potentials
in the reticular formation, the value of which increases in amplitude
with a stronger stimulation even after the amplitudes of the poten-
tials N and Ny attain the maximum. These results indicate that

at this moment the finest primary fibers of the vestibular nerve

are activated, which sharply increases the responses of the vestibu-
lar nuclei and leads to the appearance of the response in the reticu-
lar formation. The multipeaked potential P, which can be produced

by fibers having various conduction speeds, was not observed by

the authors with any intensity of stimulation, probably due to the
small path of conduction and small amplitude of the potential P.

Figure 37 shows the ranges of threshold values for stimulation
of the vestibular nerve necessary to excite or to inhibit various
vestibular neurons under different conditions. The excitation
thresholds of the ipsilateral tonic and kinetic Type I neurons
fluctuated from 1 to 1.7 and are indicated by the black horizontal
line a. Thresholds for inhibition of contralateral Type I neurons
fluctuated from 1.25 to 2.8 (line b). Inside this range of inten-
sities of stimulation the summary potentials in the contralateral
vestibular nuclei are sufficiently well-developed, while in the
reticular formation not even weakly developed elicited potentials
are discovered. For excitation of the contralateral Type I neurons
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after medial section of the brain stem, a very Strong stimulation
having a value from 2.3 to 5.9 was necessary, as was indicated by
line d in Figure 37. This band of stimuli corresponds to the
intensity of stimulation necessary to activate neurons of the
reticular formation. Even with intact commissural fibers, stimula-
tion u4-5 times above the threshold of the potential N; elicited
excitation of the contralateral Type I neurons. Evidently strong
activation of the reticular vestibular connections can overcome
inhibitory influences being manifested through the commissural

fibers.

After complete unilateral destruction of the labyrinth, dis- /121
charges of Type I neurons on the intact side were registered and
thresholds to ipsilateral horizontal angular acceleration were
defined. The maximum increase in frequency vpaxy - Vp, as in
animals with intact labyrinths, was proportional to the logarithms
of acceleration. However thresholds of the change in frequency
of tonic vestibular neurons during horizontal acceleration fluctuated
from 0.8 to 3.5°/sec? (2.12 + 0.91°/sec?) and were noticeably
(p < ).01) higher than the case of both intact labyrinth (0.65 1
0.25%°/sec?) (Shimazu, Precht, 1965). The authors associate these
results with removal of the inhibitory cross-influences from the
contralateral semicircular canal. The frequency of spontaneous
discharges was somewhat higher than with both labyrinths intact,
although statistically it was insignificant.

Discharges of the vestibular nuclei neurons were registered,
even on the side with destroyed labyrinth. In addition, the
frequency of spontaneous discharges and the probability of removing
them were much less than on the intact side, although with electri-
cal stimulation of the proximal end of the severed vestibular nerve,
elicited discharges were registered in many neurons on the side of
the destroyed labyrinth. An investigation of the response of more
than 100 vestibular units i1dentified by stimulation of the vestibu-
lar nerve (Schimazu, Precht, 1965) showed that obtaining a clear
Type I response to horizontal angular acceleration of the vestibu-
lar nuclei neurons on the destroyed side was extremely difficult.
Only an insignificant number of units replied with weak Type I
responses during very high angular accelerations (more than 100°/sec?
with a duration of 1 sec) which corresponds with the data obtained
earlier (Gernandt, Thulin, 1952).

Excitation from the Contralateral Labyrinth of
the Vestibular Type II Neurons

The discharge frequency of Type II neurons decreased in response
to ipsilateral horizontal angular acceleration and increased
approximately exponentially during contralateral anguar acceleration,
thus indicating characteristics similar to Type I neurons, but
oppositely directed (Shimazu, Precht, 1965).
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For many Type II neurons there was established, as for Type I
neurons (Shimazu, Precht, 1965) a logarithmic connection between
maximum change in discharge frequency and the value of constant
angular acceleration. Thresholds of Type II neurons to horizontal
angular acceleration of 1.5 - 100 °/sec‘ were usually significantly
higher than the thresholds of Type I neurons (0.23 - 1 °/sec?)
(Shimazu, Precht, 1965).

After unilateral destruction of a labyrinth, on the destroyed /122
side Type II neurons which finally reacted to angular acceleration
were discovered as before, in contrast to the absence of Type I
responses. The sensory input which produced Type II responses
under the given experimental conditions can be defined only by
contralateral horizontal canals. Consequently Type II neurons are
excited by stimulation of the contralateral semicircular canals.

This conclusion is also confirmed by the fact that the majority of
Type II neurons (40 out of 42) were excited by electrical stimulation
of the contralateral vestibular nerve. Such excitory responses
markedly contrast with the inhibitory responses of Type I neurons

to identical stimulation.

The frequency of spontaneous discharge of Type II neurons
fluctuated within the bounds of 0 - 30 Hz, as for Type I neurons.

The shortest latent period of first spikes equalled 3.2 msec,
which corresponds with the latent period of the subsequent negative
elicited potential (Fig. 32b). If this value is compared with
results described above, it is possible to come to the conclusion
that Type II neurons are excited with contralateral stimulation of
the vestibular nevrve for 0.7 msec after the arrival of impulses along
the commissural fibers and for 0.8 msec before the beginning of
inhibition of Type I neurons.

Thresholds of Type II neurons with stimulation of the contra-
lateral vestibular nerve were 1.2 - 1.85 times higher than the
threshold of potential ¥; (band pass b on Fig. 37). These inten-
sities are somewhat higher than those necessary for activation of
ipsilateral tonic and kinetic Type I neurons (band pass a) but not
for contralateral inhibition of Type I neurons. Therefore it 1is
assumed that excitation of contralateral Type II neurons 1is also
manifested by means of commissural fibers under the bottom of the
fourth ventricle and not by the reticular vestibular connection.
Such a point of view is strengthened by the fact that no Type II
neuron was excited with weak stimulation of the contralateral
vestibular nerve after section of the commissural fibers.

The majority of Type II neurons which were excited by weak
stimulation of the contralateral vestibular nerve were localized
in the ventral portion of the medial nucleus and in the ventral-
medial portion of the superior nucleus although a small number
were discovered even in the central and dorsal portions of the
nuclei. This region corresponds with the region where elicited
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potentials (following negative components) were chiefly registered.
The authors note that commissural amplitudes of Type II neurons are
usually less than 200 pV, while the amplitudes of discharges of
tonic Type I neurons equal 300 - 900 and kinetic 500 - 1500 uV.

Effect of Stimulation of the Ipsilateral Vestibular
Nerve on Type II Neurons

From 61 registered Type II neurons, 31 were not activated with /123
stimulation of the ipsilateral vestibular nerve. Even with an
intensity of stimulation 4-5 times greater than the threshold ¥,
these units were not directly activated after each stimulation,
but showed only a diffusely increased discharge frequency during
high frequency stimulation, possibly through the activation of
reticular formation. The discharge of the remaining 30 neurons
was produced directly by weak stimulation of the ipsilateral
vestibular nerve. Elicited spikes follow each stimulus, but the
latent periods are varliable and therefore their response is similar
to that of Type I neurons to ipsilateral stimulation of the vestibu-
lar nerve. With rhythmic stimulation having an interval of less
than 5 msec, the frequency of elicited discharges does not reproduce
the frequency of stimulation. These results show that Type II
responses were post-synaptic, and none of them appeared as a
pre-synaptic potential of the action of primary afferent fibers.

It is also improbable that Type II neurons are efferent fibers to
the terminal organ.

Excitation thresholds of the examined Type II neurons with
stimulation of the contralateral vestibular nerve fluctuated from
1.5 to 3 threshold values of the potential N;. These values were
higher than the intensity necessary for the excitation of such
Type II neurons, which were influenced only by stimulation of the
contralateral labyrinth nerve. It is possible that several of
these contralateral exciting effects, in particular those obtained
with stimulation 2-3 times greater than the threshold of the poten-
tial N1, were elicited by general activation of the underlying
reticular formation and were not connected with a specific function
of the commissural fibers. In general, ipsilaterally activating
Type II neurons have weak connections with the commissural fibers,
while Type II neurons which are insignificantly activating ipsi-
laterally receive strong exciting influences through the commissural

fibers.

The following facts attest to the fact that several Type II
neurons, which were less subject to commissural influences and
are activated by a single stimulus of the ipsilateral nerve, re-
ceive an inhibitory influence from the ipsilateral semicircular
canal. Thus, after unilateral labyrinth destruction, Type II
responses were registered even from the neurons of the vestibular
nuclei on the intact side. The probability of registering Type II
neurons on the intact side was sufficiently low, evidently due to
the removal of the exciting influences from the contralateral
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labyrinth leading to a Type II response. Under the given experimental
conditions, a single sensory impulse related to rotation can

originate from the ipsilateral horizontal canal. Insofar as the /124
terminal organ of the horizontal canal indicates only a Type I
response (Groen, Lowenstein, Vendric, 1952), the discharge frequencies
of the Type II neurons decrease together with an increase in the
activity of the primary afferents from the horizontal canal. It
appears to be possible that at least several of the wvestibular

neurons are inhibited by the ipsilateral horizontal canal, thus

giving a Type II response (the mechanism of this inhibition is

unclear at the present time). For the excitation of such neurons,

the intensity of stimulation of the contralateral vestibular nerve

is necessary 2.5 - 3 times greater than the threshold of the

potential ¥;. This intensity of stimulation is s&ronger than that
necessary for excitation of the commissural system.

Spike amplitudes of many ipsilaterally exciting Type II neurons
were sufficiently greater (usually 300 - 1200 pVvV), i.e., of such a
magnitude as amplitudes of Type I neurons. Localization of the
neurons was not limited to the ventral portion of the vestibular
nuclei; apparently they were scattered over various portions of
the vestibular nuclei, although systematic investigations of the
localization of these neurons were not conducted by Shimazu and
Precht.

Histologlical investigations showed that the neurons of the
vestibular nuclei send commissural fibers to the contralateral
vestibular nuclei. These fibers are distributed in the contra-
lateral region (Gray, 1926), on the ventral border of the medial
nucleus (Ferrara et al., 1940), in the medial half of the lateral
nucleus (Gray, 1926; A. Rasmussen, 1932) and in the descending
nucleus (Gray, 1926, Ferraro et al., 1940). No definite conclu-
sions are drawn concerning the superior nucleus (Gray, 1926).
Commissural fibers intersect the medial line of the brain stem
under the bottom of the fourth ventricle (Gray, 1926; A. Rasmussen,
1932, Ferraro et al., 1940). With these anatomical data the
paths conducting these potentials (Shimazu, Precht, 1966) are in
good agreement with the distribution in the contralateral vestibular
nuclei of summary potentials elicted by a single electrical
stimulation of the vestibular nerve.

Mickle and Ades (1954) could not register any elicited
activity in the contralateral vestibular nuclei of animals anaesthe-
tized with nembutal. Gernandt et al. (1959) also did not discover
a significant elicited response in the contralateral vestibular
nuclei even with the decerebration of an animal (cat). 1In contrast
to these negative results, Shimazu and Precht (1966), in the
research under consideration, showed that contralateral elicited
potentials, although small in size, were essential and were discovered
only in a limited region of the vestibular nuclei. It is also
necessary to note that trans-synaptic activity of the vestibular
neuron was very sensitive to the physiological condition of the
animal and to nembutal anaesthesia (de Vito et al, 1956; Precht,
Shimazu, 1965).
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Two peaks of the elicited contralateral positive potential /125
(Fig. 36A, c) with respective latent periods of 2.5 and 4 msec
could reflect the potentials Nj; and N2 of the stimulated side,
insofar as the interval between Nj and N9 is around 1.5 msec which
corresponds to the interval between the summits of the two positive
peaks. Analogously, it might be possible to explain the components
of the negative summary potentials of commissural fibers (Fig.
36A, b). A prolongation of this complex potential on the order of
5-6 msec is much greater than the prolongation of potentials regis-
tered in a monosynaptic path (Brooks, Eccles, 1947; Precht, Shimazu,
1965). Probably this is connected with the presence of a broad
band of latent periods of tonic vestibular units, activated on
the stimulated side (Precht, Shimazu, 1965), which in turn leads
to temporal dispersion of impulses conducted along the commissural
fibers. The amplitude of contralateral positive potentials (50-70
uV) is much less than the amplitude of the potential P (300-400 uV),
reflecting electrical response of the primary afferents, which can
be explained by the relatively small number of commissural fibers
as well as by the temporal dispersion of the intersecting impulses.

Contralateral inhibition of several vestibular neurons was
first described by de Vito et al. (1956) with stimulation of the
labyrinth by polarization. They also discovered that other neurons
were excited by such stimulation, although they belonged to Deiter's
nucleus. In the experiments of Schimazu and Precht (1966) the
registered neurons were intensified not only automatically but also
physiologically with natural rotational stimulation connecting their
responses with the excitation of the horizontal semicircular canal.
After physiological identification, the results were completely
definite; i.e., Type I neurons were inhibited and Type II neurons
excited with stimulation of the contralateral vestibular nerve.

Shimazu and Precht (1966), in order to elicit inhibitiomn of
the contralateral Type I neurons, did not separately stimulate the
branch of the vestibular nerve innervating the horizontal semi-
circular canal, insofar as they could not establish the absence of
propagation of the stimulation current over the nerve fibers of
other terminal labyrinth organs. However, impulses producing
inhibition of the contralateral Type I neurons at least partially
must originate from the horizontal canal, since the threshold of
Type I neurons to ipsilateral angular acceleration was significantly
raised after destruction of the contralateral labyrinth. In other
words, cross-inhibiting influences from the intact semicircular
canal can either be increased or diminished in response to horizon-
tal angular acceleration, thus taking part in responses of the
contralateral Type I neurons to rotational stimulation. This point /126
of view is also strengthened by the fact that Type I neurons,
seldom found on the destroyed side of severely decerebrated animals,
in comparison with chronic animals (cf. Chap. IV), were inhibited
from the contralateral horizontal canal, showing a Type I response
to rotational stimulation. This argument does not exclude the
possibility of inhibitory influences of other terminal organs on
the contralateral Type I neurons.
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A A Fig. 39. Schematic Drawing of the

i Commissural Inhibitory Paths.
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“?E_ﬁc It ‘ Sections of the Vestibular Apparatus.
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in Black (Shimazu, Precht, 1966).
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In Figure 39 a schematic drawing is presented, proposed by Shi-
mazu and Precht for the explanation of the neuromechanism of inhibi-
tion of Type I neurons and excitation of Type II neurons from the
contralateral labyrinth. The shortest latent period of impulses
conducted along the commissurae fibers is 2 - 2.1 msec after single
stimulation of the vestibular nerve with registration from the
central line of the dorsal portion of the brain stem. Insofar as
the time of the conduction of impulses from the vestibular nuclei
to the central line was 0.3 - 0.4 msec, the very first impulses
must leave the vestibular nuclei of the stimulated side (left side,
Fig. 39) 1.7 sec after stimulation. The latent period of a mono-
synaptically elicited potential N3 in the ipsilateral vestibular
nuclei equalled 1 msec after stimulation of the nerve (Precht,
Shimazu, 1965). The value of the difference between these two
latent periods (0.7 msec) could be explained by the presence of
an intermediate synapsis. In Figure 39 these intercalary neurons,
designated as Ib, excite the commissural neuron Ic. Neurons IDb
and Ic, as well as the chief sensory neuron Ia, must show Type I

responses. As Shimazu and Precht (1965) indicated, several
of the tonic Type I neurons are not activated monosynaptically from
the primary afferents even with strong stimulation. Some of them /127

might correspond to neuron Ic. It remained unclear whether the
described commissural neuron is exclusively commissural or whether
it sends collaterals of its ascending of descending axon to the
contralateral vestibular nuclei.

The shortest latent period of excitation of Type II neurons
from the contralateral labyrinth is 3.2 msec, i.e., it corresponds
with the latent period of the subsequent negative summary poirential
(Fig. 36B,d) elicited by impulses conducted along the commissural
fibers. The majority of such Type II neurons were localized in the
ventral-medial portion of the vestibular nuclei, where negative
summary potentials were more pronounced. These data lead to the
conclusion that the subsequent negative summary potential in the
contralateral vestibular nuclei is composed of the elicited poten-
tials of activity of Type II neurons.
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Spikes of Type II neurons appeared 0.7 msec after the arrival of
impulses propagated along the commissural fibers. Insofar as the
delay in the transmission through one synapse takes approximately
0.8 msec (Eccles, 1959), then it is completely probable that com-
missural fibers produced monosynaptic excitation of Type III neurons
(IZIa and IIb, Fib. 39).

Depression of spontaneous discharges of Type II neurons begins
more than 4 msec after a single stimulation of the contralateral
vestibular nerve, i.e., inhibitory processes lying at the basis of
depression of spontaneous discharges are most highly developed
within 5 sec after stimulation. As 1s possible the mechanism for
the realization of this inhibition could be the presynaptic inhibi-
tion established in the central nervous system (Eccles, 1966) which
is elicited by depolarization of the primary vestibular afferents.
Spontaneous activity of Type I neurons is chiefly maintained by
spontaneous impulsation of primary vestibular afferents. If these
primary fibers are depolarized by means of commissural influences,
the activity of Type I neurons could be consequently depressed.
However such a means of depression evidently does not appear to be
the only one in the experiments of Shimazu and Precht, (1966) since
the cross-inhibitory influences can easily be discovered even in
unilaterally chronic labyrinth ectomized animals (cf. Chapter IV),
where Type I neurons were registered on the injured side. Under
these conditions spontaneous activity of the vestibular nerve on
the side of registration was completely removed, and consequently
several other inhibitory mechanisms had to exist which differed
from presynaptic inhibition produced by depolarization of primary
afferents. Moreover, commissural inhibition begins extremely
swiftly after 1.5 msec following the arrival of impulses originating
from the contralateral side, and the entire process of inhibition
begins within 30-40 msec. Such a temporal passage is much shorter
than the presynaptic inhibition established in the spinal cord of
mammals.

Another possible mechanism of inhibition might be the post- /128
synaptic inhibition accomplished by the commissural fibers. In this
case the axon of several commissural neurons may have inhibitory
synapses on their endings, acting on the contralateral Type I
neurons, while other commissural fibers may be exciting for Type II
neurons. However, contralateral elicited summary positive potentials
reflecting presynaptic activity of the commissural fibers were local-
ized in the ventral-medial portion of the vestibular nuclei, where
the majority of Type II neurons which were excited by commissural
fibers were discovered. On the other hand, Shimazu and Precht did
not discover such summary potentials in the central or dorsal
portions of the medial or superior nuclei where the majority of
Type II neurons were localized. Presynaptic discharges producing
inhibition of Type II neurons evidently are more dispersed in time
than discharges of commissural fibers, probably due to intermediate
synapsis which makes the potential less visible. A similar distri-
bution of contralateral summary potential, different from the
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arrangement of Type II neurons, decreases the probability of the
existence of such a mechanism.

Finally, it is possible that post-synaptic inhibition is mani-
fested through intercalary inhibitory neurons. If this is so,
then it is possible to assume that several Type II neurons are
intercalary inhibitory neurons (IIa, and IIb, Fig. 39) in the sense
that they are activated with stimulation of the contralateral
horizontal canal through commissural fibers and have inhibitory
influences on the homolateral Type I neurons (Id). Such a mechanism
is similar to the central path of inhibitory action on motoneurons
of antagonistic muscles from afferents of group Ia (Eccles, et al.,
1956). This hypothesis agrees well with the following results. On
Type I and Type II neurons from one and the same side, the ipso- or
the contralateral labyrinth always has reciprocal influences, and
excitation of Type II neurons begins after 0.8 msec before inhibition
of Type I neurons. Inhibition and excitation is manifested through
the same path, the commissural fibers. The threshold for excitation
of Type II neurons with stimulation of the contralateral wvestibular
nerve is lower than for inhibition of Type I neurons. This leads
to the concept that for clear inhibition of Type I neuron the
excitation of many Type II neurons is necessary. Commissure ampli-
tudes of Type II neurons excitated through a commissural fiber are
definitely lower than the usual amplitudes of Type I neurons. This
can be explained by the fact that Type II neurocns are smaller in
size than Type I neurons. Type II neurons often respond to a single
stimulus of the contralateral vestibular nerve by high frequency /129
twin discharges. These repetitive discharges of Type II neurons can
produce prolonged inhibition of Type I neurons up to 20-40 msec
(Shimazu, Precht, 1965).

The localization of Type II neurons (IIa, Fig. 39), which are
connected exclusively with the commissural function and are not
excited ipsilaterally, evidently appears very important. These
neurons are localized chiefly in the ventral portions of the medial
nucleus and in central medial portions of the superior nucleus.
According to Walberg and coll. (1958) the medial region and the
ventral stria of the medial nucleus are free from terminal degene-
ration of primary vestibular afferents. In the superior nucleus,
the peripheral zones are almost free from degeneration. Thus the
localization of Type II neurons, which are not subject to the
influence of the ipsilateral labyrinth, corresponds partially to
the regions free from primary vestibular afferents. Insofar as Type
IT neurons localized in these regions play a paramount role in the
function of the vestibular nuclei, these "nonvestibular" regions
(Walberg, et al, 1958) must be viewed as vestibular, which corresponds
to the assumption of Brodal and coll. (1966).

Several of the commissurally exciting Type II neurons were
activated even monosynaptically from the ipsilaterally primary
afferents. As was noted above, this ipsilateral influence can
originate from the terminal organs, as differentiated from the hori-

119



zontal canal (for example, from the vertical canal). Thus the

chief sensory neurons conducting impulsation from the horizontal
canal to various portions of the central nervous system can be
inhibited by several other terminal organs on the same side

through inhibitory neurons. Inhibition of several Type II neurons

by the ipsilateral horizontal canal can be of the same kind.

Several observations of the influences of several labyrinth afferents
on single vestibular neurons were conducted by Duensing and

Schaefer (1959). The mechanism of such interaction, howeven is

far from being clear either in the peripheral or in the central
sections of the vestibular system. The experiments of Shimazu and
Precht (1966) give the possibility of assuming an inhibitory
interaction inside the vestibular nuclei between the various labyrinth
sensory systems of the same size., The possible function of this is
to sharpen the input differences of vestibular impulsation connected
with the motion of the head in space, which is true for various types
of sensory systems (Katsuki et al., 1959; Hartline, Ratliff, 1956).

Figure 39 presents only the commissural inhibitory path includ-
ing the corresponding actions and does not present the crossed reticu-
lar one, which evidently is diffusely exciting. Examining the /130
functional significance of the cross-inhibitory influences, we con-
clude that during ipsilateral angular acceleration the discharge fre-
quency of Type I neurons increases, not only due to an increase in
activity of the ipsilateral canal but also due to a decrease in the
tonic cross-inhibition as a result of the decrease in the activity
of the contralateral horizontal canal. In other words, removal of
the inhibitory influence (disinhibition) from the contralateral side
increases the excitability of Type I neurons.

During contralateral angular acceleration, on the other hand
impulsation from the ipsilateral horizontal canal decreases and
cross-inhibition 1s strengthened. These complimentary influences
from the ipsi- and contralateral canal insure high sensitivity
responses of Type I neurons.

Responses of Neurons of the Vestibular Nuclei to
Inclinations and Alternating Linear Accelerations

The reaction of specific units of the vestibular nuclei in
animals (cat) to inclinations and linear accelerations were first
described by Egmond (1943). The majority of units registered by
the author which reacted to inclinations possessed spontaneous activity.

With a lateral inclination on the ipsilateral side, the dis-
charge frequency of many units increased, and with inclination on
the contralateral side the frequency decreased or the discharge
completely disappeared. These same units reacted even to inclina-
tion in the sagittal plane, in truth with significant angles of
inclination. It is not surprising that this type of unit reacts
both to linear lateral acceleration and to rotation in the horizon-
tal plane when the axis of rotation does not pass through the animal's
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head in the following way: with acceleration (rotation) on the
ipsilateral side, the discharge frequency decreased; with accelera-
tion on the contralateral side, it increased. Several units reacted
both to forward-backward linear acceleration and to vertical accele-
ration.

Other units were more subject to inclinations in the sagittal
plane and reacted to downward motion.

The author observed neurons silent at rst, and also the phenom-
enon of adaptation under prolonged (to 33 sec) maintenance of the
animal's head in an inclined position. Cramer (1962), conducting
investigations of this phenomena, discovered that the original suf-
ficiently large response to inclination decreases exponentially
after 15-30 sec since the remaining stable discharge insignificantly
differs from the frequency of spontaneous discharge.

Rupert et al., (1962) separated the neurons of the vestibular
nuclei reacting to inclinations according to the character of
spontaneous impulsation: neurons with a correct rhythmicity; neurons
with an incorrect rhythmicity, and neurons discharging with doublets.
Experiments were conducted on cats whose cerebelll were not removed.

With similar experimental conditions, Hiebert and Fernandez /131
(1965), registering the activity of Deiter's nucleus, discovered
that more deeply located cells discharged with doublets, triplets
and small groups of impulses, while cells distributed closer to
the dorsal surface of the brain stem discharged with single impulses.
These types of activity were maintained even with increase or de-
crease in discharge frequency during slow changes in body position
*n the frontal or sagittal planes. The experiments of Hiebert and
Fernandez (1965) once more affirmed the variety of responses of the
vestibular nuclei neurons (caudal portion of Deiter's nucleus)
through inclinations in the sagittal and frontal planes. Thus,
neurons were found which reacted with a decrease in discharge fre-
quency to a downward inclination of the head and return to the
normal position, while others reacted with an increase in frequency
to upward elevation and return: a third group did not react.
Moreover, several neurons reacted to downward inclination by an
increase in the frequency of rhythmicity; with return to a normal
position, they curtail it. With elevation of the head they also
curtail it, and with a return increase it. Neurons were found
which reacted in the opposite way. The same variety of neuron
responses was observed also for lateral inclinations.

The observations made by the authors with repeated inclinations
of the head in segquence (down-return, up-return, and also right-
return, left-return) are interesting. In approximately one third
of the neurorns, frequency responses were changed from the first to
the following repetition, others showed precise reproduction of
frequency changes to 3, 4 and even 7 repetitions.

121



Schoen (1957) with microelectrode removals of charge from the
vestibular nuclei of bony fish, discovered a significant number
of units giving a change in frequency of the ideal sinusoidal
shape due to lateral inclinations. But units were found during
frequency changes in the shape of an asymmetric sinusoid, whereby
inclination toward the side of excitation led to a greater change
in frequency than inclination +toward the side of inhibition.

It was found that the number of neurons reacting by excitation
to inclination toward the ipsilateral side is approximately the
same as those reacting by inhibition (35:25).

Neurons which were silent at rest, whose activity also increased,
and neurons whose activity could only be inhibited were also found.
These are unidirectional neurons.

The enumerated types of neurons duplicate the character of /132
changes in activity of single nerve fibers (Lowenstein, Roberts,
19u49). But Schoen also observed a small number of neurons reacting
with increase in activity to inclinations toward both sides.

In this section of the chapter we will also present data
obtained with registration of action potentials of separate vestibu-
lar nuclei neurons, in particular Deiter's nucleus at rest, and
with passive movement of the animal in the vertical plane.

Experiments were conducted on 30 cats. A mixture of chloralocse
(4-50 mg/kg) and nembutal (15 mg/kg) introduced intra-abdominally
was used as anaesthesia. The head of the animal was fixed in a

head holder of a stereotaxic instrument, made in the workshop of the
A. A. Bogomolets Institute of Physiology of the Academy of Sciences
of the Ukrainian SSR.

For entrance to the brain stem in the occipital bone of the
skull, preliminarily freed of skin and muscles, with the aid of a
dental drill a trephination opening 15 x 15 mm in size was made,
the cerebellum was found, and afterwards it was completely removed.
The osseous hemorrhage was stopped by plastering the edges of the
opening with wax and by suction of the cerebellum with a sponge of

"spongostan'.

Removal of potentials of neuron action was made intracellularly
using glass microelectrodes with a tip thickness of 1-3 u filled
with a 3 M solution of KCl. The microelectrode was immersed to a
depth of 1-4 mm, 2-6 mm lateral of the central line and 3 mm forward
and back from the angle of the rhomboid fascia. The immersion of
the electrode was accomplished with the aid of a hydraulic manipu-
lator. In order to protect the microelectrode from vibrations
arising from the motion of the stand and the removal of pulse and
respiratory motions of the brain stem, the micromanipulator was
fixed on the frame of the stereotaxic instrument, and after conduc-
tion of the microelectrodes at the surface of the brain, a thickly
diluted agar-agar was poured into the trephined opening.
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The location of the microelectrode tip was controlled
histologically. For this the medulla oblongata, fixed in a solution
of 10% neutral formalin, together with the electrodes present in
it was carefully prepared, and the place of electrode entrance was
defined with the naked eye. Afterwards sections with a thickness
of 20-30 p were made on a freezing microtome. Subsequent tinting
with hemotoxaline, according to the Nissl and Campos method, gave
a precise picture of the microelectrode canal.

Before the beginning of the experimentt the animal together
with the frame of the stereotaxic instrument were fixed onto a
rocking stand (Fig. 40). The recording apparatus was the same as in
experiments described in Chapter I. After microelectrode detection
of a neuron with a spontaneous rhythmicity the latter was registered
during 10-15 sec. If the activity of the cell was constant, and /133

Fig. 40. Cat on a Rocking Stand

consequently was not connected with the mechanical action of the
electrode on it, then the action potentials of this neuron were
recorded during the same period (10-15 sec) against the background
of vertical shifts and after the cessation. In a number of cases,
background rhythmicity and its changes with rocking were conducted
over 1-2 minutes. The reactions of neurons silent at rest to
rocking were not studied.

According to the character of background rhythmic activity,
neurons can be divided into three groups:

LExperiments were conducted with B. B. Yegorov. Yu. L. Limotskiy
took part in the development of the method and part of the experi-
ment.
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(1) neurons with correct rhythmicity at a frequency of 5-50
imp/sec;

(2) neurons with a nerve rhythmicity, the action potential
frequency of which fluctuated from 1-150 imp/sec;

(3) neurons with groups of impulses with specific periods of
absence of activity.

Principally the same classification of neurons of vestibular
nucleil according to the character of spontaneous activity were
given by G. I. Gorgiladze (1966) and Fredrickson et al., (1966b).

Of 745 registered neurons, 84 did not change in rhythmicity
with vertical motion of the animal.

In 439 neurons of 661 which reacted to shift in the body along /134
the vertical, an increase in rhythm frequency was observed inde-
pendent of the direction of motion. In addition, neurons with the
correct rhythmicity increased in frequency without noticeable
perturbations of correct rhythm, and in neurons with a group back-
ground of rhythmicity, an increase in the number of action potentials
in groups and a shortening of the intervals between the groups
were discovered (Fig. u4l).
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Fig. 41. Neurons with Group Rhythmic Activity (a) At Rest; (b) With
Rocking; (c) After Rocking.

a
ot - mr ek 4 - |
.
0.1 sec
{
p 1480 KWV
PO - F— .,A h e T e LR i Bl T 3 T AL IR W T G S el gt AL TR S Gy
’
(o4
N N N 4 A hrea UM st AR P M m s e MR

g

[

Fig. u42. Neuron With Incorrect Rhythmicity (a) At Rest; (b) With
Rocking; (c¢) After Rocking.

120 neurons curtailed rhythmicity independent of the direction
of motion of the stand. As is seen in Figure 42, a neuron with an
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incorrect background rhythmicity generally stops impulse generation
with vertical rocking.

Calculation of the number of action potentials of the neurons
per 5 sec intervals on a B-2 apparatus, for example of 4 neurons
(Fig. u43), demonstrates the change in rhythmicity during rocking.
If after 5 seconds at rest the number of impulses fluctuated within
the bounds of 30-40, then during rocking the number of impulses
grew to 140-150 after 5 sec or sharply dropped until complete

disappearance of activity. This figure also shows that with re- /135
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Fig. 43. Change in Impulsation Frequency of 4 Neurons (a,b,c and 4)
with Rocking. The Arrows Indicate the Beginning and End of the
Rocking.

peated action (2-3 times) the character of the changes in background
rhythmic activity was the same as during the first reaction.

The frequency of rhythmicity of 43 neurons increased with
upward motion of the platform and restored the frequency.of back-
ground rhythmicity with downward motion. Thirty-four neurons
have the opposite characteristics: they increased in frequency of
rhythmicity with downward motion and restored it with upward motion.

The rhythmicity of 25 neurons increased with upward motion
and decreased with downward motion (Fig. uh4).

After cessation of rocking, 50% (330) of the neurons restored
their original rhythmicity during the registration time (15 sec).
Composite data on the reactions of neurons during rocking are
presented in Table 7.

There are no experiments analyzing the connections of the
vestibular neuron reacting to linear accelerations, but in this
relation the functional connections obtained in experiments with
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polarization of the labyrinth by a constant current can be useful.
Although a galvanic current is not an adequate stimulus for

sensory organs, its action on the sensory epithelium, as Lowenstein
showed (Lowensteim 1955), is algebraically added with electrical
changes in the sensory epithelium produced by natural stimulation
of terminal organs.

2 gmy MV
a’l' s‘e‘c v o e e e e e bt st P it
b
C
e A M e e e ot ke + e o A A SPVOR,
d

et i AP Pt A 7 At e e T WA L saa,

Fig. 44. A Neuron with Incorrect Rhythmicity (a) At Rest; (b) With /136
Motion of the Platform Downwards; (c) With Motion of the Platform
Upwards; (d) After Rocking.

Using polarization as a vestibular stimulus it is possible to
simulate conditions near those obtained with adequate stimulations.
According to the reactions of the neuron of the vestibular complex
to labyrinth polarization it is impossible to reply to the question
as to what terminal organs are connected to the neuron, since the
terminal organs of the ampulla, utriculus, sacculus and cochlea
are simultaneously stimulated. The possibility of neuron reaction
to stimulation of terminal organs of the cochlea probably is excluded,
since at the present time there is no anatomical proof that the
cochlear fibers end in the vestibular nuclei. Moreover, acoustical
stimulation does not influence neuron responses of the vestibular
nuclei (Fredrickson et al, 1966b).
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TABLE 7. QUANTITATIVE DATA ON THE CHARACTER OF CHANGES IN RHYTHMIC-
ITY OF VARIOUS GROUPS OF NEURONS
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Thus the conclusions obtained in experiments with polarization
may be related to any terminal organs of the nonauditory labyrinth
to an equal degree.

G. I. Gorgiladze and V. M. Federov (1964), in experiments on
nonanaesthetized cats immobilized by means of flaxedil, showed that
polarization of the labyrinth by means of a constant current of

0.08 ~ 0.1 mA elicits the characteristic changes on an electrocortio-
gram (EKOG) which are expressed by the appearance of high frequency,
low amplitude waves, i.e., an electrographic "waking'begins. The

effect is produced independent of whether a cathode or an anode is
applied to the labyrinth (Fig. 45), although it is known that
electrical activity of the 8th nerve is strengthened with the action
of the cathode and suppressed by an anode (Khechinashvili, 1958).

With polarization of both labyrinths by a current of different
direction, the activation reaction of EKOG is more strongly pro-
nounced than with polarization of only one labyrinth by means of
the same force. If both labyrinths are polarized by a current of
one direction, no EKOG changes are observed. The absence of changes
on an EKOG due to cathode polarization of both labyrinths attests
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to the fact that a block of vestibular afferentation takes place
in definite structures of the central nervous system,

G. I. Gorgiladze (1964, 1966b) proved that this block takes
place in the vestibular nuclei themselves. Experiments were con-
ducted on cats. Under the experimental conditions the flow of
"Outside impulses" to the vestibular nuclei was severely limited. /138
Deep nembutal anaesthesia (60-80 mg/kg) eliminated influences from
the side of the reticular formation and other central nervous organ-
izations. Impulsation from the cerebellum was absent due to its
removal. Impulses from the proprioceptors of the muscles were
weakened due to curarization of the animal. Deep anaesthesia and
the severe fixation of the head probably somewhat lowered even the
afferent impulsations from the receptors.

Thus there was a somewhat simplified model of the vestibular
nuclei where spontaneous activity was maintained chiefly by a con-
stant impulsation from the vestibular receptor.

Cathode polarization of the ipsilateral labyrinth strengthened
the activity of the majority of neurons; anode polarization suppressed
it. Polarization of the contralateral labyrinth had the reverse
effect: the cathode suppressed activity of the neurons and the
anode strengthened it. Thus, changes in activity of the right and
left vestibular nuclei with polarization of one labyrinth were recip-
rocal: excitation of the nuclel on one side was connected with
inhibition of the nucleili on the other side.

Upon transmission of the current through both labyrinths
simultaneously, the character of reaction depended on whether the
current was imparted to both labyrinths in different or identical
directions. If the cathode was applied to the ipsilateral labyrinth
and the anode to the contralateral, then the neuron shows a much
stronger activation than in the case of separate stimulation of
the labyrinth. With reverse direction of current the neuron was
suppressed much more strongly than with cathode stimulation of only
the contralateral labyrinth; in addition opposite changes were
observed in the nuclei of the opposite side. With polarization of
both labyrinths by means of currents identical in strength and
direction, spontaneous neuron activity of both the right and left

vestibular nuclei were equally suppressed. Thus the activation
reaction of an EKOG begins each time with the destruction of equilib-
rium between the right and left vestibular nuclei. The absence of

reaction with simultaneous destruction of both labyrinths by cur-
rents of equal strength and of the same direction was caused by
impulse blocking in both vestibular nuclei.

G. I. Gorgiladze assumes that suppression of the vestibular
neuron activity in response to polarization of the contralateral
labyrinth takes place by means of the activation of intercalary
inhibitory neurons with short axons connected with the commissural
neurons of the opposite side (Fig. u46). Insofar as receptors of
the vestibular apparatus possess constant spontaneous activity,
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this inhibitory neuron also must be constantly active and have an
inhibitory influence on the vestibular neurons on the opposite side,
thereby balancing the activity of the vestibular nucleili neurons on
both sides.

Fig. 46. Schematic Drawing /139

of the Paired Work of the
Vestibular Apparatus.

V.n.e.- Vestibular Neuro-
epithelium; g. Sc. - Scarpa
Ganglion; n.V. - Vestibular
Nuclei; R.F. - Reticular

Formation of the Medulla
Oblongata; 1. Commissural
Neurons; 2. Inhibitory
Neurons (Gorgiladze, 1964).

But this same path with
vestibular stimulation will
make possible the destruc-

as the stronger the afferen-
tation from one labyrinth
the more active this inhibi-

cal side will be more sup-
pressed. This inhibitory
path evidently is very
effective, since cathode
stimulation of the contra-
lateral labyrinth can com-
pletely suppress strong activation of the neuron in response to the
same polarization of the ipsilateral labyrinth. The existence of
inhibitory neurons makes it possible to explain the strengthening
of spontaneous activity in response to anode polarization of the
contralateral labyrinth. Due to the suppression of spontaneous
afferent impulsation by the anode, the inhibitory path will not
function and naturally its constant inhibitory influence on the
neurons of the contralateral nuclei will be removed, which leads to
the appearance of neuron activity.

Some of the neurons of the vestibular nuclei (12%) recorded
by the author reacted to the contralateral cathode by strengthening
activity and to the contralateral anode by suppressing it. However
these neurons did not react to ipsilateral polarization. Therefore
it is possible that they appear only as inhibitory neurons.

The system proposed by G. I. Gorg'iladze is similar to the
system of the functioning of the vestibular nucleil neurons reacting
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tory neuron, and the symmetri-
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to accelerated rotation (Fig. 39). Insofar as with polarization of
the labyrinth even neurons connected with the receptor apparatus of
the otolith organs are activated (or suppressed), then it is fully
probable that there are also reciprocal relationships between the
neurons reacting to inclinations.

But, on the other hand, labyrinths can function in all probability
even synergically (Magnus, 19623 Szentagothai, 1967 et al.).

The vestibular nuclei, i.e., the first relay station on the
path for the conduction of vestibular impulses, have been sufficiently
well studied both morphologically and electrophysioclogically at the
present time.

In relation to their anatomical organization, the vestibular
nuclei are exceptionally complex. Each of the four vestibular
nuclei have their own individuality, both in cytoarchitectonics and
in their afferent and efferent connections.

The difference between them in relation to architectonics and
connections do not exclude numerous anatomical possibilities for
interaction between the various groups of cells. It is hardly
possible at the present time to assert that in the vestibular nucleil
there are nurons reacting only to linear accelerations and only to
angular ones, insofar as on the same neurons of the vestibular
nuclei convergence of impulses from various sections of the vestib-

ular apparatus takes place.

Normally between vestibular nuclei of both sides a dynamic
balance exists. This balance 1s destroyed independently of whether
afferent impulsation from one labyrinth is strengthened or suppressed.

There are at least three mechanisms which make possible great
destruction of this equilibrium (Gorgiladze, 1966), elevating the
sensitivity of the vestibular nuclei through afferent impulsation:
the very anatomical distribution of both labyrinths in the temporal
bone is such that with vestibular stimulations, impulsation from
one labyrinth is strengthened and from the other is suppressed /
(destruction of equilibrium takes place first at the periphery);
the entrance into the vestibular nuclei, on the one hand, of
strengthened impulsation, and on the other, an absence or decrease
in afferent impulsation due to the existence of inhibitory neurons
included between the right and left vestibular nuclei destroys this
equilibrium still more; the existence of a third mechanism in the
form of centrifugal fibers of the vestibular nerve will contribute
to this destruction. Thus between the right and left vestibular
nuclei there are reciprocal relationships.

l._l
=
‘._l
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CHAPTER IV
THE VESTIBULO-OCULOMOTOR REFLECTOR ARC
Structure of the Oculomotor Apparatus (OMA) Morphology

The oculomotor apparatus includes the external ocular muscles /142
(6 for each eye) the cranial cerebral nerves Iinnervating these
muscles (III, IV and VI), the oculomotor centers (nuclei of the
enumerated nerves and the portions of the midbrain connected with
them, the cerebellum and the higher oculomotor, i.e., frontal,
occipital and several other cortical centers) and also special con-
ducting paths, among which we note the medial longitudinal bundle,
uniting the oculomotor centers with each other and with the nuclei
located below; in particular, with the vestibular nuclei.

The general scheme of the OMA is given in Figure 47, but the
sensory nerve fibers from particular muscle receptors (propriorecep-
tors) are not shown.

The eyeball is brought into motion by 6 muscles of which there
are Y4 straight ones (superior, inferior, medial and lateral) and
two oblique ones (superior and inferior).

The action of the straight muscles is simple: they pull the
eyeball in their direction; the oblique muscles turn the eyeball:
the superior directs it downward and outward, and the inferior
upward and outward. The superior oblique muscle is innervated by
the trochlear nerve (n. trochlearis), the rectus lateralis by the
abducting nerve (n. abducens), the remaining four by the oculomotor
nerve (n. oculomotorius).

Warwick, in recent years (1950, 1953a, b, c, 1954, 1955, 1964),
conducted comprehensive investigations into the structural organiza-
tion of the nuclei of the oculomotor nerves (primarily on monkeys)
by the retrograde degeneration method. After unilateral intracranial
section it was established that:

(1) n. trochlearis and n. abducens originate entirely from the /143
corresponding nuclei; all fibers of the first nerve intersect, and
those of the second do not intersectj; all cells of these nuclei are
subject to degenerative changes and therefore they can be considered
to be motoneurons;
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(2) fibers of n. oculomotorius originate from large multipolar
cells and also from average-sized cells of the caudal central nucleus.
Around 1/6 of these nerve fibers intersect before leaving the mid-
brain; after unilateral neurotomy, degeneration is observed in 41,
i.e., 45% of the cells; therefore in the nucleus nuc. oculomotorius
there is not a sufficient quantity of intercalary neurons for the
existence of even simple reciprocal innervation. It 1s possible
to assert that the chief lateral and caudal central nuclei of nuc.
oculomotorius are homogeneous groups of motoneurons. Cells of the
nuclei nuc. oculomotorius, the fibers of which intersect, occupy
2/3 of the chief lateral nuclei in the region adjacent to the cen-
tral suture. In the nucleus of the rear commissure (Darkshevich's
nucleus), in cajal's interstitial nucleus, in the dorsal nucleus
of the suture, in Frank's subbundle nucleus and in the nucleus nuc.
abducens there was not retrograde degeneration.

The chief nuclear components of nuc. oculomotorius were: (1)
a large bilateral cellular mass located immediately rostral of the
nuc. trochlearis. In the rostral direction the dimensions of the
nucleus are contracted due to the disappearance first of the inter-
mediate, then of the ventral and finally of the dorsal divisions
of the nucleus.

The dorsal and ventral masses are seen in the majority of ver-
tebrates including primates. They are represented in the form of
. columns, the axis of which is paral-
lel to the axis of the aqueduct. A

Fig. 47. General Scheme of the
Oculomotor Apparatus (Seen Down-
wards). ROI - Rectus Oculi Inferior
00I - Obliqus Oculi Inferior, ROM -
External Rectus Oculi Medialis,

00S - Obliquis Oculi Superior, ROS -
Rectus Oculi Superior, ROL - Exter-
nal Rectus Oculi Lateralis, RF -
Reticular Formation of the Brain
Stem, MLD - Medial Longitudinal
Bundle, SCOM - One of the Subcortical
Centers of Ocular Movements, III,

IV, VI - Occular Motor Nuclei and
Corresponding Nerves, ATLQ - Anterior
Tuber of the Lamina Quadrigemina,
OCOM - Occipital Center of Ocular
Movements, FCOM - Frontal Center of
Ocular Movements (Matyushkin 1967a).

small group of cells is separated from the medial side of these main
divisions of the nucleus and are variably represented near the cen-
tral suture (paramedian group); (2) Bilaterally in a dorsal-medial /1lhk
direction from the rostral half of the chief lateral nucleus is

located Edinger-Westphal's nucleus; (3) in a rostral portion of the
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nuclear complex, as Warwick assumes (1964), it is possible to separ-
ate only the forward central nucleus (well developed in monkeys)
whose cells are similar to the cells of Edinger-Westpha's nucleus.

The central medial nucleus in monkeys is rudimentary and is
found in 1/6 of cases; (4) in a caudal direction from the chief
lateral nucleus is located the caudal central nucleus consisting
of average-sized cells.

In the nucleic complex there is a clear tonic projection of
the oculomotor muscles. The inferior rectus, inferior obliquus and
medialis rectus muscles possess discrete motor groups of cells along
the axis of the somatic nucleus in a dorsal-ventral direction. The
superior rectus muscle is innervated by scattered neurons of the
medial section in the caudal portion of the chief nucleus.

With the destruction of Dieter's nucleus, sufficiently powerful
connections to the ipsilateral inferior rectus and obliquus muscles
are found, since there is also a supplementary connection of the
labyrinth to the ipsilateral inferior oculomotor muscles.

Two Motor Systems of the Oculomotor Apparatus
of Higher Animals

D.P. Matyushkin (1961), in experiments on thalamic rabbits,
registering the summary activity of the superior obliquus muscle
of the eye with a needle electrode, discovered slow (with a period
of more than 10 msec), constant fluctuations of one-phase potential
of small amplitude (fractions of a microvolt). With threshold stimu-
lation of the region of the fourth nerve nucleus by single right-
angle stimulations (activity of 0.1 to 3. msec), the reaction of the
ocular muscle (jerk) appeared on the electromyogram (EMG) in the
form of a swift, two-phase potential of significant amplitude with
a duration of up to 3 msec and a short latent period (1.5 - 2.0 msec) .
With strong stimulation the EMG showed two waves: a swift, two-phase
oscillation and a subsequent slow, one-phase oscillation with a
latent period of around 5 msec, in temporal parameters close to the
background oscillations of the potential, but exceeding them in
amplitude.

Intercellular removals of the potentials of separate muscle
fibers showed that some fibers lack tonic activity. With electrical
stimulation of the nucleus (Fig. 48a) these units gave high (to 60-
90 mV), swift, single action potentials (with a period of 1.3 to 2.5
msec) characteristic for nontonic (phase) muscle fibers of the higher
vertebrates (Shamarina, 1964). The latent period of these reactions
was small (2-4 msec).

Other units (Fig. 48b) constantly gave rise to oscillations of /145
electrical potentials of comparatively low amplitude (12-28 mV)
strongly expanding in time (with a period of more than 20 sec). In
shape they correspond to oscillations of potentials described for
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tonic muscle fibers in amphibians (Kuffler, Williams, 1953 a, b).
The rhythm of oscillations of potentials of these oculomotor units
in a rabbit would be more or less
correct, and was within the limits

a

Fig. 48. Electromyograms of Phase
(a) and Tonic (b,c) Fibers. (a,c)
Responses of Fibers to Stimulation
of the Trochlea Nerve Nucleus. Time
Notation 200 Hz; (b) Constant Rhy-
thmic Activity of a Tonic Unit.
Time Notation 500 Hz (Matyushkin
1961).

of 20-75 Hz. Sometimes a superposi-
tion of potentials was observed
(their summation) which is charac-
teristic for tonic units (Kuffler,
Williams, 1953 a,b). The tonic
unit responded to stimulation of
the fourth nerve nucleus by the same slow and weak oscillation of
potentials. Reaction thresholds of these units were higher than
the potential thresholds of phase unit reactions, and the latent
period of response totaled 3-6 msec, i.e., greater than the reac-
tion of type I fibers. Temporal parameters (prolongation of the
peak, prolongation of the growth phase, half-value period) of action
potentials of the ocular muscle phase fibers in a rabbit and of
swift, two-phase potentials of its summary EMG corresponded to one
another. The same proves to be correct for action potentials of
tonic fibers and of slow, one-phase potentials of a summary EMG.

Thus the fast and slow potentials of summary EMG reflect the
activity of phase and tonic muscle units. The two-phase nature of
fast oscillations attests to the ability of phase fibers to conduct
excitation, and the one-phase nature of slow fibers to their in-
ability to conduct excitation of tonic fibers reflects the local
character of the excitory process. In this regard, the tonic fibers
of the ocular muscle in a rabbit are similar to the tonic fibers /146
of muscles in a frog (Zhudov, 1956), and also to the intrafusal
muscle fibers of mamallian skeletal muscles (Granit, 1957).

Having examined the characteristics of excitability of moto-
neurons of the trochlear nerve nucleus innervating the phase muscle
fibers and also the conduction speeds of these motor neurons in the
neurites and the duration of neuromuscular transmission of the
superior obliquus muscle in the eye of the rabbit, the author
(Matyushkin 1962a) draws the conclusion that phase motor neurons of
the trochlear nerve nucleus are typical alpha-motor neurons, poss-
essing a high excitability and speed of conduction along the neurites
(on the order of 80 m/sec). The action potentials of separate phase
muscle fiber exciting intracellularly were indicators of the reac-
tions of separate phase motor neurons to stimuli applied to the
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nucleus. The swift (two-phase or even multiphase) action potential
in the EMG of the muscle was an indicator of the summary reaction

of these motor neurons. The ocular muscle tonic motor neurons in
the rabbit are typical gamma-motor neurons, the neurites of which
have a diameter of around 5 u, relatively low excitability and

speed of conduction of excitation around 30 m/sec (Matyushkin
1926b). It was found (Matyushkin, 1963a) that in the superior
obliquus muscle of rabbit eyes there are two groups of tonic fibers,
i.e., slower (half-value period 2.3 - 3.0 msec) and faster (4 - 6.5
msec). It is necessary to note that in the skeletal musculature of
mammals among the intraspindular muscle fibers "of tonic type'",
having gamma-innervation, two groups were also found which differed
in their character of response to nerve impulse (Boyd, 1959). Action
potentials of tonic muscular fibers were used as an indicator of

the activity of tonic multineurons, which potentials arise in res-
ponse to stimulation in the region of the trochlear nerve nucleus.
The data of D.P. Matyushkin's study (1952b) testified to the presence
of multiple motor innervation of the ocular muscle tonic fibers.
Such a type of innervation for muscle fibers, lacking conductability,
is biologically justified since it ensures a contractive function

to these fibers along their entire length. Examples of similar
multiple innmervation were given in earlier literature for tonic
muscle systems of amphibians (Kuffler, 1955) for intrafusal muscle
fibers (Hunt, Kuffler, 1951).

The neuro-muscular transmission in the ocular muscle's tonic
system in a rabbit according to data obtained by the author, is
manifested according to the following principle: one excitation
potential in the muscle per nerve impulse. The neuromuscular trans-
mission in the tonic system is significantly (4-5 times) slower
in the phase system.

Continuing his investigations, Matyushkin (1963b) showed that
the contraction reactions of the external ocular muscles to stimu-
lation of corresponding nerves in rabbits and cats have phase and
tonic components defining the work of phase and tonic units, which
the nature of the corresponding electromyograms shows. As a rule,
the tonic contraction component is masked by the phase component. /147

The phase component of the contraction reaction (excitation of phase
units) can be eliminated by means of blocking the corresponding
nerve in pulses by an anode of discharging current. In this case
purely tonic reactions were recorded, i.e., slow and relative by
weak contractions (in EMG, slow, one-phase oscillations of poten-
tials). The temporal and force characteristics, obtained by the
author, of contraction reactions in the phase and tonic systems of
the oculomotor apparatus in mammals permit one to conclude that the
phase system must ensure swift and significant eyeball movement and
the tonic system ensuring slow, small movement and fixation. The
scheme of the two motor systems of the OMA are shown on Figure 49.
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What is the participation of the two motor systems of the
oculomotor apparatus in labyrinth reflexes?

P.I. Baychenko, D.P. Matyushkin
and V.V. Suvorov (1967) investigated
the labyrinth reflex on the left

Fig. 49. Scheme of Two Motor Systems
of the Oculomotor Apparatus. P - Phase
(Swift) Muscle Fiber; T - Tonic (Slow)
Muscle Fiber; III, IV and VI - Oculo-
motor Nuclel and Nerves; o - Alpha
Motor Neurons (Large and Swift), y -
Gamma Motor Neurons (Small and Slow);
MLB - Medial Longitudinal Bundle;

CCOM - Paths from the Cortical Centers
of Ocular Movements (Matyushkin 1967a).

superior rectus muscle in rabbits

placed in isometric work conditions.

With a "crown upward" position of the /148
animals head, the superior rectus mus-

ce L ) cle was characterized by relatively
oM ™~ = low electrical activity. Upon turning

the animal (fixed in a special rocking
stand) around the longitudinal axis
of the body in the direction of the registered muscle, the electrical
activity of the latter increased. At the moment of turning, if the
turning was made quickly (speed of 80-90 °/sec) the reflector reac-
tion presented a significant strengthening of slow wave activity
with the appearance of swift action potentials, i.e., it was mani-
fested both by tonic and phase units.

With small turning speeds (3-25 °/sec) and with a stationary
turning to one angle or another, the reaction emerges, as the authors
showed, in the form of strengthened slow wave activity, increased
in amplitude and frequency; i.e., this reaction is manifested only
by the tonic system.

The strength of the described reaction, characterizing a growth
in amplitude of the EMG, was in direct dependency upon the turning
angle, which in the investigated band (to 85°) had an almost linear
character.

Turning the animal in the direction opposite to the side of
the investigated muscles led to suppression of the original tone of
the latter (up to zero). This fact demonstrates the reciprocal
inhibition of the given muscle's nerve centers under the conditioms
of activation of its antagonist.

The obtained data, first of all, attests to the fact that phase
(swift) and tonic (slow) systems of the oculomotor apparatus par-
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ticipate in different ways in the labyrinth reflex of the ocular
muscles. As a rule, the phase system is drawn Into the reaction
only with strong and sharp stimulations of the labyrinth (of maculae
and ampullas of the semicircular canals). The static labyrinth
reflex basically is made by the tonic (slow) motor system.

The authors assume that the statoreceptors of the labyrinth
have closer central connections with the gamma motor neurons of
the tonic system than with the alpha motor neurons of the phase
system.

Registering, with the aid of needle electrodes, the EMG of a
prepared rectus oculi lateralis of a rabbit's eye with simultaneous
recording of an electro-oculogram of the opposite eye with post-
rotary nystagmus, Matyushkin (1967b) discovered that the swift phase
of nystagmus® in the investigated muscle (as an antagonist) appears
in the form of a relatively short "pack" of swift, two-phase action
potentials, combining with a certain increase in strength of slow

oscillation (primarily one-phase form). During the following slow
phase in addition slow oscillations are registered, lower in ampli- /149
tude and frequency. When the investigated muscle operates as an

antagonist the swift phase appeared as a more or less complete inhi-
bition of electrical activity and the slow phase appeared as a gra-
dual increase in amplitude in frequency of slow, one-phase oscilla-
tions of potentials (Fig. 50). Judging by the forms and temporal
parameters, the swift, two-phase oscillations must be recognized

as action potentials of the phase system muscle fibers, and the
slow, single-phase oscillations as potentials of the tcnic system
fibers.

Thus the swift phase of nystagmus is accomplished by the joint
operation of the phase and tonic systems (of muscle agonists). Such
a double provision, in the opinion of D.P. Matyushkin, is completely
justified: the phase system then lends speed to the given motion,
and the tonic system ensures the maintenance of the attained posi-
tion as well as the original one for the subsequent slow motion in
the opposite direction.

The slow phase of nystagmus is accomplished by the tonic sys-
tem of ocular muscles, the activity of which, in the agonist and
the antagonist, change in the opposite way.

The data of D.P. Matyushkin's investigations (1967b) also
testified to the fact that durations of swift phases of nystagmus-
jumps (in contrast to the durations of the slow phases) do not have

5In the experiments the direction of nystagmus was defined by the
swift phase. The investigated muscle was called an agonist by its
active participation in the swift phase, and an antagonist by its
active participation in the slow phase of nystagmus (of the opposite
direction).
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clear correlation with the durations of the nystagmic periods, and
prove to be approximately constant for various strengths of phase

Fig. 50. Characteristics of Laby-
rinth Rotational Nystagmus (LRN).
(A) EOG and EMG of the External
Right Muscle in Swift Phases of
Nystagmus; EOG and EMG of the Same
Muscle in Slow Phases of Oppositely
Directed Nystagmus. The Two Record-
ings of the Activity of the Muscle
and Swift Phases of Nystagmus of
Equal Frequency (Constancy of Dur-
ation of Two-Pnase Pulses PD); (B)
Scheme of the Function of Phase
(Shaded Area) and Tonic (White Area)
Systems of the Muscle Agonist (AG)
and the Muscle Antagonist (ANT) in
the Fast (FP) and the Slow Phase
(SP) LPN; (C) Forms of the EMG of
Fast (Upper) and Slow (the 2 Lower)
Recordings Without Nystagmus; (D)
Dependency of Duration of SP and

FP on the Duration of Nystagmus
Periods (T); Calibration 1 mV
(Matyushkin, 1967b).

pulses (jumps). In the opinion of the author, this fact indicates
the existence of special mechanisms for limiting the duration of a
jump (as a factor smearing the image on the retina and disturbing
the vision).

A Model of Direction by the Oculomotor Apparatus

A study of the principles of OMA function is important for the /150
physiology of the nervous system and for the theory of direction.
From this point of view the studies of the colleagues of the com-
puter center of the Academy of Sciences of the Ukranian SSR (Petrov,
Sragovich, Sushkov, 18663 Petrov, Sragovich, 1967; Bachelis, Sushkov,
1967) are interesting. In the studies a model of the OMA was de-
veloped as a single complex system accomplishing numerous functions.

The authors represent the directing system of the OMA as a
finite automation, realized in the form of a combination of neuron
structures stimulating the nervous system. We will examine below
several of the ideas developed in these studies.

The Motor Complex. Movements of the eyeballs under the Jjoint
action of 6 muscles for each eye represent motions around immobile
centers of the eyeballs and are described by two angles. We will
examine the motions only in a horizontal plane, characterized by
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one angle and realized by the muscles M;, M,, M3, My (Fig. 51). The
muscles M; and My turn thé eyes outward toward the temples and M,
and M3 inward towards the nose. Corresponding with those presented
above there are two types of muscle fibers: slow tonic and swift
phase (T and P muscle fibers). They are innervated by nerve fibers
(T and P nerve fibers) beginning, correspondingly in T and P neurons
(TMN and PMN) of the motor nuclei N;, Ny, N3 and Ny. In Figure 51
the muscle fibers and nerve cells of the T and P systems are sepa-
rated. Signaling the condition of the muscles comes from the pro-
prioceptors connected with the T muscle fibers which are excited

by special neurons of the nuclei. Feedback signals also come from
tendinous receptors.

The combination of motor nuclei and innervating muscles forms
a motor complex. It appears as the first level of OMA and the
realization of motions ordered by the following higher levels of
direction of the OMA enters its function. Motions acccmplished by
the first level are defined by two factors: (a) by the current con-
dition of muscle fibers and neurons of the motor nuclei; (b) by the
flow of signals arriving at the motor complex (afferent flow). The
sources of the signals are very diverse: the vestibular apparatus
(giving information on accelerations of the head and its position
in space); the neck muscles (angles of rotation of the head rela-
tive to the body); the reticular formation (general diffuse action
on the motor nuclei and support of muscle tone); the visual system,
which is projected in a number of regions of the brain and has the
primary influence, dominating the rest of the sources of the OMA. /151
A1l forms of activity can be divided into specific (connected with
the provision of the visual functions of the oculomotor apparatus)
and non-specific (the reticular formation for example appears to be
their source). For a general description of the OMA, the authors
unite all arriving signal flows in four centers (by the number of
motor nuclei) and call them activators of the motor complex (AMC).
The number of each of them corresponds with the number of the nuc-
leus with which the activator is connected (Fig. 51). The direct
action of the AMC on the motor complex is accomplished directly by
the excitation of the key systems. Various stimulation of the
nuclei of the motor complex causes contraction of the eye muscles
which communicate to the eyeballs the various, sometimes oppositely
directed, angular accelerations. In the absence of visual stimulus
the activities of all AMC are weakly correlated and are non station-
ary in time.® Therefore T-muscle systems of each muscle function,
within sufficiently broad bounds, almost independently of each other.
As a result both eyes may wander irregularly without any agreement.
The phase system does not participate in these motions.

The use of the abstract concept of the "activator of a motor

Qualitatively the activity is defined by the number of simultan-
eously impulsing neurons and also by the frequencies of their impul-
sations.

g
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complex" is useful because the correction of eye motions and the
stabilization of their position through perturbations of various
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Fig. 51. Principal Scheme of the Model of the OMA (Petrov, Srago-
vich, 1967).

origins are established by a single principle, independent of the
modalities of the perturbation.

The char-

The Coordinating and Stabilizing System of the OMA.
it

acteristic abilities of the lower level of the OMA are limited;
accomplishes eye motions and appears as a "slave" mechanism. It
cannot assure coordinated eye motions with fluctuating signal cur-
rents in all four AMC's. As in other motor systems, this function
is accomplished by a hierarchy of neuron structures, whereby the
higher divisions act on the lower. The direction of the OMA by the
motor complex is accomplished by the second level coordinating and
stabilizing system of the OMA coordinating eye motions. The second
level has two groups of inputs. Afferent flows arrive at the first
group from the receptors of the muscles and tendons, and efferent
flows arrive at the second from the AMC flowing through the branch-
ings of the nerve trunks. This level performs its function by three
mechanisms acting in parallel: (a) departure of the eye as a result
of an increase of activity of one of the AMC's is partially com-

/152

pensated by proprioceptive connections entering the action (extension

140



reflex); (b) noticeable approach or divergence of the eyes (due to
elevated activity of AMC 2 and 3 or AMC 1 and 4). These are com-
pensated for by their slow departure or approach (convergence re=
flex); (c) simultaneous noticeable departure of both eyes in the
same direction (due to elevated activity of AMC 1 and 3 or of AMC
2 and 4) compensated by a synchronic jump made by the F system in
the opposite direction (in the nystagmoid reflex). The reflexes of
extension and convergence are realized by T systems and in jumps
the chief role belongs to F system. At the time of compensatory
motions the T systems of the muscular antagonist (reciprocal inhi-
bition) are suppressed.

/153

X X4

Fig. 52. Neuron Nets of the OMA. (a) Comparing; (b) Summarizing
(Petrov, Sragovich, 1956).

Further we will 1imit ourselves describing the logic of the
functioning of the second level, digressing from the localization,
number and mutual distribution of its component structures. The
developed model concepts are hypothetical. Only the proper experi-
ments can answer the question of whether or not they are true or
false. Figure 51 shows three structures, P, X and N, forming the
second level of direction of the OMA. Structure P deals with the
flow of proprioceptive information, realizes the expansion reflex
and acts upon structures K and N ensuring, respectively, conver-
gence and nystagmoid reflexes. Structure N realizes synchronic
and equal abrupt motions of both eyes; comparing the activity of
all AMC's, it developed a pair of AMC's, the elevated impulsation

of which can draw both eyes to one side. For example, if AMC 1 and
3 exceed 2 and 4 in activity, the eyes must begin or have already
begun to be diverted to the right. Having discovered this circum-

stance, structure N generates a volley of impulses entering the [
system of muscle antagonists M, and My, simultaneously suppressing
the key systems of contractive muscles M3 and M3. The condition
of structure N is corrected by the proprioceptive afferentations
entering it.

The structure K is intended for the realization of oppositely
directed motions of the eyes: convergences and divergences. The
activities of AMC's are also compared in it, and if it appears to
be the base that the eyes must leave the central position (to con-
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verge or separate), then excitation of the proper value is applied
to the T systems of muscle antagonists. Actions from the N and K
structures lead not only to eye motions but also change the condi-
tions of muscle receptors, and consequently regulate the proprio-
ceptive flow in structure P. Thus all components of the second
level of the OMA appear to be mutuallv interactive.

Roughly, such are the concepts about the logic of the function-
ing of the second level of OMA directions.

The authors build structures of the second level of two neuron /154

nets accomplishing different functions. The first form of the nets
is comparing. The comparing net consists of two subnets and has
two groups of input neurons (Fig. 52a). Such nets compare the

activity of bundles of fibers arriving at various groups of inputs.
We will examine the structure and functioning of the subnet.

A subnet of a comparing net representsa multilayered neuron
system. The nerve cells of the layer, following the input neurons,
provide spatial and temporal summation of cell excitations of the
preceding layers. Each neuron transmits excitation to many neurons
of the following layers, but primarily to those lying nearby. Each
neuron of the subnet receives excitation from many neurons of the
preceding layers, especially those nearby. A weak or brief excita-
tion enters the input neurons; it cannot pass through all the sub-
nets and reach its output cells. It is possible to say that weak
excitations will "stick" in the subnet. This takes place because
its neurons are excited, if impulses from many preceding neurons
arrive at them almost simultaneously. Strong excitations which

arise at a sufficiently broad, compactly distributed set of input
neurons passes through the subnet. The number of activating neurons
passes through the subnet. The number of activating output neurons
monotonously depends on the intensity of the input signal.

Both subjects of the comparing net are structured the same.
Therefore weak excitations acting upon both groups of input neurons
do not pass through the net. Even excitations which are almost
equally strong on both subnets do not pass through it. The cause
of such "locking" of the net is the interaction of the subnets:
from active neurons of each half, inhibitory suppressing influences
go to the other half. Actually a picture of the interaction can
be presented in the following way: distributed in both subnets are
intercalary neurons which begin to impulse when a excitation wave.
propagating in the subnet arrives at them. The axons of these
neurons terminate in neurons of the other subnet and inhibit them
(elevating the threshold of excitation). Their suppressing activi-
ties act on the other subnet, diffusely weakening its activity. Thus
almost equally strong excitations of both subnets cannot reach the
output neurons.

If excitations of various intensity go to a subnet for a cer-
tain time (to one-large, to another-small) when a strongly acting
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subnet suppresses the weakly active one, it locks it and prevents
it from having inhibitory influences on itself. According to the
time lapse necessary for removal of obstacles on the part of the
antagonistic subnet, the more active subnet allows the signal which
has come to it to pass and its input neurons, having been excited,
are discharged by a volley of impulses.

The second type of subnet is summarizing. It also consists
of a number of layers of neurons from which the input neurons
receive impulsations from accumulated flows, as is shown in FTigure
52b. Input neurons of one group of fibers are distributed alter-
nately with input neurons of the other group. Neurons of the fol-
lowing layers are connected with many preceding neurons and, as
usual, provide a spatial and temporal summation of excitation. The
output of the summarizing net proves to be active, if both flows
arriving at it are sufficiently intensive. In the opposite case
this net does not let excitations pass.

We note one important characteristic of both types of nets:
prolapse of a small number of the neurons comprising it does not
change the transformation of input signals completed by them. Sub-
stantial destruction of the functions of the net comes with the
exclusion of a significant number of neurons.

We will not examine the concrete means for constructing the
structures of the second level of the OMA in models of visual affer-
entation, in questions of tonus regulation with the fixation of
immobile points and change of points of fixation, etc., given by
the authors (Petrov, Sragovich, 1967). We will deal only with a
qualitative explanation of the appearance of nystagmus.

With a sufficiently swift rotation of the animal (vestibular
test) impulsation from the labyrinth 1s strengthened. This signi-
fies that a pair of activators (AMC 1 and 3 or AMC 2 and 4) excites
the key systems of the corresponding nuclei and the eyes begin slow
motion (right or left). Simultaneously signals from the vestibular
apparatus enter structure N, and with the passage of time necessary
for it to pass through its comparing nets (labyrinth period of the
abrupt motion) it causes an abrupt motion to the opposite side
(left or right).

Functional Connections of the OMA With the
Vestibular Apparatus.

Nerve Connections of the Vestibular Nuclei

With Nuclei of the External Ocular Muscles

The facts established by Warwick (1950-1964) are very important
from a clinical and physiological point of view, i.e., that: (1)
the majority of motor neurons of a superior rectus muscle are local-
ized in the rear portion of the main nucleus of the third nerve,
whereby the roots to the muscle are intersecting; (2) motor neurons
of the medial rectus muscle (roots do not intersect) are localized
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in the median portion of the chief nucleus of the third nerve; and
(3) neurons of the inferior rectus muscle, also with nonintersec-
ting processes, are distributed in the forward portion of the chief
nucleus of the third nerve.

Szentdgothai (1964), investigating the distribution of fibers /156
degenerating after unilateral destruction of separate vestibular
nuclei, discovered that injury to the superior vestibular nucleus
(Bechterev's nucleus) caused primary degeneration in the dorsal-
medial cellular group of the nuclei complex of the third nerve on
the contralateral side at the level of the rear third of the nucleus.
This portion of the nucleus provides the contralateral superior
rectus muscle with fibers. Insofar as the primary vestibular neurons
do not have intersecting fibers, two intersecting paths are possible:
from the primary vestibular neurons of Bechterev's nucleus to the
oculomotor nuclei, or intersection of the motor roots innervating
the superior rectus muscle. Thus the labyrinth has a clearly
localized anatomical projection to the ipsilateral superior rectus
muscle. In the middle third of the nuclei complex of the nuc. oculo-
motorius, degeneration after destruction of Bechterev's nucleus was
discovered ipsilaterally in the ventral portion which feeds the
ipsilateral medial rectus muscle with fibers. The data obtained
by Szentagothai are in agreement with the observations of Brodal
et al., (1966) on the principal termination of the primary fibers
of the vestibular nerve in the superior vestibular nucleus and the
numerous connections of this nucleus with the mid-brain. It is
somewhat strange that although degeneration in the contralateral
nucleus (nuc. trochlearus) was discovered, it is less pronounced
than degeneration in those portions of the nuclear complex of the
nuc. oculomotorius which innervate the superior and medial rectus
muscles. This fact, as Szentagothai assumes, can be explained only
by the fact that the primary fibers terminate in various vestibular
nuclei or by the fact that there may be separate paths for a pair
of synergic muscles.

Injury to the rostral portion of the complex of the medial and
descending vestibular nuclei led to degeneration of the nuc. tro-
chlearis and also of the entire contralateral nuclei complex of the
nuc. oculomotoris. It is especially important to emphasize that
with the destruction of this nuclei complex, extensive degenerative
changes were discovered in the forward and dorsal sections of the
main nucleus of the third nerve. Neurons of these regions innervate
primarily the ipsilateral inferior rectus and oblicuus muscles.

The ascending paths to the oculomotor nuclei from the lateral
Deiter's nucleus appear to be Iimportant. In the case of incomplete
destruction of this nucleus, degeneration in the ipsilateral nuc.
trochlearis was discovered. It must be the case, considering the
full intersection of the roots of the nuc. trochlearis, that there
is a reflector connection with the contralateral superior obliquus

muscle.
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The connection between the labyrinth and the oculomotor muscles
is provided both by complex (multineuron) paths and by synaptic /157
paths of the three neuron chains (if we exclude the receptor cells):
(a) the primary vestibular neuron g. Scarpa; (b) the secondary
vestibular neurons of the vestibular nuclei sending their fibers
into the composition of the medial longitudinal bundle to the nucleil
of the oculomotor nerve; and (c) motor neurons innervating the
ocular musculature (Szentagothai, 1950; 1964; Szentagothai, 1967).

Nerve Connections of Specific Semicircular Canals
With External Ocular Muscles.

With the aim of defining the nerve connection of each semi-
circular canal with the external ocular muscles, it is convenient
to investigate the tonic deviations of the eye observed with definite
conditions of electrical stimulations of the ampullar nerve (Cohen,
Suzuki, 1963).

Cohen and others (Cohen et al,, 1964a, c¢) and Suzuki and others
(Suzuki et al., 1964) showed that with stimulation of the ampullar
nerve of one forward semicircular canal, the resulting motion of
the eye was nonconjugational: the ipsilateral eye moves upwards
and the contralateral revolves (Fig. 53). These motions, in the
first place, are accompanied by strong contractions of the ipsi-
lateral superior rectus muscle and the contralateral inferior
obligquus muscle. Weaker contraction is also observed in the ipsi-
lateral superior obliquus and the contralateral superior rectus
muscles. Thus the ipsilateral eye moves upwards with a small rota-
tion, while in the contralateral one there is observed a slight
motion upwards against a background of rotational motion.

Simultaneously, antagonists of each of the muscles included in
the motion are weakened.

Stimulation of a horizontal canal nerve leads to conjugational
contralateral horizontal motion of the eyes, during which the ipsi-
lateral internal rectus and the contralateral external rectus muscles
are strongly contracted.

Stimulation of the nerve of the rear vertical canal elicits
rotational motion of the ipsilateral eye due to activation of the
superior obliquus muscle, and to downward motion of the contralateral
eye due to contraction of the inferior obliquus muscle. Simultane-
ously the ipsilateral inferior rectus and the contralateral obliquus
muscles give weak downward directed and rotational components to the
motion of the eyes.

Some activity appears even in the medial and the lateral rectus
muscle during stimulation of the nerves of the forward or rear
canals or in the inferior and superior rectus and obliquus muscles
during stimulation of the horizontal canal.
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Fig. 53. Motion of the Eyes with Stimulation of the Ampullar Nerves.
(a) Stimulation of the Nerves of thc Left Forward Canal; (b) Same
of the Left Horizontal Canals; (c) Same of the Left Rear Canal;
(d) Same of Both Forward Canals; (e) Same of Both Rear Canals; (f)
Same of Left Forward and Rear Canals; (g) Same of the Left Forward
Horizontal and Rear Canals; (h) Same of the Left Forward and Hori-
zontal Canals; (i) Same of the Right Forward and Left Horizontal
Canals; (j) Same of the Right Forward and Left Forward and Hori-
zontal Canals. Strongly Contracting Muscles are in Black; Weakly
Contracting Ones are Shaded; Noncontracting Muscles are White.
(Cohen et al, 1964).

If the nerves of both forward vertical canals are stimulated,
the motion of the eyes is straight upwards. Upward directed motion
of each eye is stronger than with stimulation of the nerve of one
canal, and rotational motion of the contralateral eye during stimu-
lation of one canal disappears. Bilateral stimulation of both rear
canals produces strong downward motion of the eyes; in addition,
rotational motions also are absent and rotational downward motion
is stronger than with stimulation of one rear canal. In contract
to the vertical motions produced by stimulation of both forward
and rear canals, combined stimulation of the ipsilateral forward
and rear canals elicits conjugated rotational motion. In both eyes
upwards and downward directed motions elicited by separate stimu-
lation of the forward and rear canals, as well as rotational motion
appear. Stimulation of all three canals on one side produces hori-
zontal rotational motion of the eyeballs similar to that observed
with peripheral destructions.

When one horizontal canal is stimulated simultaneously with /159
the forward and rear canal, unconjugated oblique motions of the
eyes are observed. Varying the intensity of the current impulses

in packets of stimuli applied to either ampullar nerve, it is pos-
sible to change the angle of inclination of the resulting eye motion.
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A single stimulation of both canals lying in one plane, i.e., of
both horizontal canals or of one forward and contralateral rear
canal, does not cause eye motion. 1In addition, recording of muscle
strain generated in antagonists during stimulation is stronger and
predominates over the excitation produced by these canals.

Observations conducted with electrical stimulation of the am-
pullar nerve illustrate the potential nerve connections which con-
nect the semicircular canals with the eye muscles.

Although exciting nerve activity from the semicircular canals
can be broadly distributed between the eye muscles with various
experimental conditions (Lorento de No, 1932; Szentagothai, 1950)
the data of Cohen et al. indicate that in intact animals there is
a highly organized combination of excitation and inhibition processes
which lead to conjugated horizontal eye motions when one horizontal
canal is activated, and to dissociated motions with the motion of
one eye in the vertical plane, or to rotation of the other when one
forward or rear canal is stimulated.

The greater portion of the exciting connections discovered by
the authors is similar to those found by Szentagothai (1950). How-
ever, the importance of the activation and inhibition of synergists,
of principal eye muscles and of their antagonists cannot be traced,
but it is necessary to understand the results of the combined stimu-
lation of canals. For example, during stimulation of the left for-
ward canal, the right and inferior obliquus muscles are strongly
activated and the right superilor obliquus is inhibited in order to
produce rotational motion. When the right forward canal is stimu-
lated, the right superior obliquus muscle is synergically activated
and the right inferior obliquus is inhibited. If both forward
canals are stimulated this activity is summarized; contractions in
both the right superior and inferior obliquus muscles are blocked,
and the right eye moves directly upwards without rotation. Similar
but reversed events take place in the left eye in order to produce
conjugated upward motion. On the other hand, if the forward and
rear canals of one side are stimulated, contractions of the muscles
producing fewer upward and downward motions are blocked (Fig. 53),
and as a result conjugated rotational motion appears.

Motions elicited by electrical stimulation are similar to re- /160

flector motions of the eyes, which take place when the head turns,
and also are similar to tonic divergences of the eyes elicited by
caloric stimulation (Table 8 and 9). Direct stimulation of the
ampullar nerve of the left horizontal canal elicits conjugated con-
tralateral motion of the eyes to the right, which is similar to the
motion of the eyes during rotation of the head to the left or with
tonic divergences elicited by calarization by means of warm water
of the left or cold water of the right ear when the head is deflec-
ted backwards by 60°.
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Bilateral stimulation of the forward canals produces upward
motion of the eyes which is siImilar to the motion of the eyes with
rotation of the head downwards or bilateral warm calorization.
Effects of stimulation of the rear canals are opposite and produce
downward motions of the eyes, as with rotation of the head upwards
or with bilateral calorization by means of cold water. Electrical
stimulation simultaneously of the forward and rear canals of one
side produces rotational motion of the eyes similar to the motion
with rotation of the head in the frontal plane. The combined acti-
vation of the horizontal and rear canals on one side leads to obli-
que movement of the eyes with an angle of deflection from the hori-
zontal depending on the correlation of intensities of canal stimu-
lation which is similar to motions of the eyes during rotations of
the head in the planes intermediate between frontal and sagittal.

TABLE 8 OCULOMOTOR RESPONSES WITH CALARIC (COLD AND WARM) STIMULA-
TION OF THE LABYRINTHS OF INTACT MONKEYS {(Cohen et al., 1964b)

Calaric | Stimulated Oculomotor response
stimu- Ear

lation

Right constituent "Left constituent

—— - 4. - —_— . e - —_— e

Stimulation of one ear, body and head vertical

Cold I Right | Tonic deflection to INystagmus with swift
; | right component leftwards
Il
Warm | The same i Nystagmus with swift Tonic deflection
i ! components to the to the left
_ : right
t H
Cold iLeft The same The same
Warm _The same . Tonic deflection to ‘Nystagmus with swift
i the left icomponent to the
i | I left
Simultaneous stimulation of both ears
Warm {Bilateral ; Nystagmus with swift !Tonic deflection
! component upward i\ downward
. . | . .
Cold !The same , Tonic deflection ‘Nystagmus with swift
! upward jcomponent downward
i

{ +

The eye motions elicited by electric stimulation of a single
canal are characteristic of a real canal. This characteristic
response 1s neutralized or blocked when the canals of the opposite
side lying in one plane are stimulated, since most of the eye is
absent. This fact attests to the extremely fixed nature of the
activities. Under natural conditions, a stimulus exciting the
ampulla of one canal is usually accompanied by corresponding inhi-
bition of the activity of the ampullar canal in the same plane but
on the opposite side (Table 8). However, unilateral stimulation
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TABLE 9 OCULOMOTOR RESPONSES AFTER ROTATIONAL STIMULATION OF A
LABYRINTH OF INTACT MONKEYS (Cohen et al., 196L4b)

'
'

Direction Oculomotor Response

of Rotation ;‘>“~Righf Component Left Component

Clockwise Tonic deflection to Nystagmus with swift
! right component to the left
giggiﬁ?;e | Nystagmus with swift Tonic deflection to the
, component to the right left
|

HEAD DOWNWARDS

Clockwise Rotational nystagmus Tonic deflection clock-
with swift component wise and to the left

to the right and
1 counterclockwise

Counter- Tonic deflection Rotational nystagmus with
clockwise ! counterclockwise and swift component to the
to the right left and clockwise

TO THE RIGHT SIDE

Clockwise , Tonic deflection | Nystagmus with swift

upward | component downward
Counter- Nystagmus with swift Tonic deflection down-
clockwise component upward ward

TO THE LEFT SIDE

Clockwise Nystagmus with swift + Tonic deflection downward
component upward :

Counter- :

clockwise Tonic deflection . Nystagmus with swift com-

upward " ponent downward

i
t

produces models of inhibitory and exciting activities elicited by
each canal in the ocular muscles. These activities are regularly
summed in order to produce eye motion, the direction and amplitude
of which can change, varying the force of stimulation and the com-
bination of stimulating canals. The obtained data indicated the
nature of the control which the semicircular canals exert over the
motion of the eyes in the natural state.

Reactions of the Neurons of the Nuc. Abducens
to Adequate Stimulation of the Semicircular Canals

The neurons of the abducting nerve of the cat (Precht et al,
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1967a; experiments made on nonanaesthetized decerebrated and decere-
bellized animals) are divided into two types by their reactions to
angular acceleration. Of 328 neurons reacting to angular accelera-
tion in the horizontal plane registered by the authors, the dis-
charge frequency of 257 increased with contralateral angular accel-
eration and decreased with ipsilateral angular acceleration (type

IT A neurons). The remaining neurons showed reactions of the op-
posite character, i.e., Type IA neurons.

Of 257 Type A neurons, 171 possessed spontaneous activity.
With extended contralateral angular acceleration, the discharge
frequency in the neurons smoothly increased,attained a maximum
(often to 300 imp/sec) and then remained constant despite the con-
tinuing action of angular acceleration, thus indicating the absence
of adaptation. In several neurons the smooth ihcrease in frequency
was periodically interupted by a sharp decrease, probably due to
nystagmus arising from acceleration.

After reaching a constant angular speed of rotation, the dis-
charge frequency smoothly dropped to the level of spgntaneous activ-
ity. Mathematical analysis of experimental material indicated that,
as in Type I neurons of the vestibular nuclei, the dependency of a
maximum change in frequency upon the value of long-acting constant
angular acceleration in the range of 0.2 to 10 °/sec? is approxi=-
mated by a logarithmic function [c¢f. Formula (2), Chapter III]. In
addition, the value of the coefficient » in spontaneously active
(tonic) and silent (phase) Type IIA motor neurons was equal to 64,2
+ 50.9 and 84.1 * 45,7 respectively, and the value of the threshold
was 0.50 * 0.27. The difference between the values in both cases is
statistically unverifiable, in contrast to the sharply differentiat-
ing coefficients of tonic and kinetic Type I neurons of the vesti-
bular nuclei. It must be emphasized that the average angular accel-
erations for an increase in discharge frequency of the tonic and
phase motor neurons is on the same order as for tonic vestibular
Type I neurons: 0.65 * 0.25 °/sec? (cf. Chapter III), indicating
the higher sensitivity to angular accelerations of silent motor
neurons in comparison with silent Type I neurons of the vestibular
nuclei.

The value of the coefficient b of Type IA neurons totalled
L2.,1 + 25,5 and the mean value of threshold acceleration 1.3 * 0.6
°/sec2, which is somewhat higher in comparison with thresholds of
Type IIA neurons, and also with those of tonic vestibular Type IA

neurons.

Type IIA neurons were excited antidromically with stimulation
of the 6th nerve and were distributed, as electrophysiological and

histological analysis showed, in the nuc. abducens. Type IA neurons
never were excited antidromically and were distributed in the ven-
tral portion of the nucleus. Electrical stimulation of the contra-

lateral eighth nerve (very seldom of the ipsilateral one) excited
Type IIA neurons (the shortest latent period was 2.1 msec), and weak
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ipsilateral stimulation inhibited their activity and excited Type
IA neurons (the shortest latency was 3.1 msec). The authors have
still not been able to establish whether Type IA neurons are inhi-
bitory or excitory.

Thus under conditions of rest only tonic motor neurons are
responsible for the tone of the lateral rectus muscles. During
rotation the silent neurons are also activated, participating in
the direction of eye motions. They do not significantly differ
from the tonic motor neurons in the size of threshold acceleration
and speed of change in discharge frequency, but the latent period
of response of silent motor neurons to angular acceleration is
always longer than that of tonic ones (Precht et al., 1967).

The Slow and Fast Components of Nystagmus

Stimulation of the peripheral sections of the vestibular sys-
tem i.e., the semicircular canals, by calarization, polarization
and rotation of the head, leads to precise and characteristic devi-
ations of the eyes (Ewald, 1892; Magnus, 1962; Lorente de No, 1932;
Lowenstein, Sand, 1940; Ledoux, 1958; Kornhuber, Fonseca, 1964 and
many others). This deviation of the eye is periodically interrupted
by a swift motion in the opposite direction leading to nystagmus.

Eye motions and nystagmus can also be elicited by electrical
stimulation of the ampullar nerves of the semicircular canals
(Fluur, 1959).

Cohen and Suzuki (1963) investigated the vestibular-oculomotor
connections, observing motions of the eyes and the elicited elec-
trical activity in eye muscles of cats and monkeys during various
types of electrical stimulation of the ampullar nerve. A bipolar
discharging electrode in these experiments was introduced between
the bony and membranous walls of the labyrinth after opening the
ampulla, so that the vestibulo-oculomotor paths were activated with-
out direct involvement of the peripheral receptors. Action poten-
tials of the ampullar nerve reproduced the stimulation up to a
frequency of 250-300 impulses/sec. With frequencies higher than
300-400 impulses/sec, reproduction of the rhythm was incomplete.

Despite the fact that with single stimulation of the ampullar
nerve a synchronized volley of impulses arrives in the vestibular
nuclei, only a small portion of this activity reaches the eye mus-
cles, syntactically connected with the vestibular nuclei (Fig. 54a,
lower recording), the amplitude of elicited potential was insigni-
ficant and the latent period was 5-6 msec.

Stimulation by doubled current impulses, separated by a short
time interval, proved to be more effective in eliciting extra-
ocular muscle potentials than a single stimulus, even if they were
weaker in intensity than a single stimulus. Figure S4B shows that
by decreasing the interval between two threshold stimuli from 75 to
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Fig. 54. Potentials of the Left Superior Rectus Muscle of a Cat's
Eve With Stimulation by Right-Angle Electrical Impulses of the
Ampullar Nerve of the Forward Semicircular Canal. (a) Stimulation

by Single Impulses; (b) Stimulation by Paired Impulses; (c) Stimu-
lation by Paired Impulses (Intervals Between Impulses 2.5 msec) at
Frequencies of 1, 10, 20, 40, 77, 150 and 250 Pairs/second (Up-Down).
Calibration 200 nV, Time Notation 1000 Hz (Cohen et al, 1964),

20 msec, the second stimulus produced a greater muscle potential; /165

moreover the latent period was shortened. With an interval between
stimuli of 2.5 to 3 msec, the latent period of the elicited poten-
tial to the second stimulus was minimal (2.8 to 3 msec), and the
amplitude was maximum (Fig. 54b, the fourth recording). Thus the
first of the two stimuli facilitated the vestibulo~oculomotor paths
for the second stimulus, which elicited a muscle potential of greater
amplitude and with a shortened latent period. Paired stimuli eli-
cited small eye motions.

Repetitive pair (group) stimuli with an interval between the
stimuli of 2.5 to 3 msec elicited muscle potentials synchronically
with each pair of stimuli up to a frequency of 250 pair/sec (Fig.
54b). With an increase in the strength of stimulus or in the number
of stimuli in a group, the amplitude of the elicited eye motions
increased. This motion consisted of a swift deviation to the side
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from the mean position. When group discharge was ended, the eye
slowly returned to the original position.

With a frequency of stimulation from 1 - 5 groups/sec, the eye
motions were of a nystagmoid nature with a swift deviation from the
middle position and with a slow return motion.

In contrast to the group stimuli, stimulation of the ampullar
nerves by single impulses with frequency lower than 60 Hz, in gen-
eral either did not elicit eye motions or led only to small devia-
tions. With higher frequencies of stimulation the eyes slowly
deviated from the central position in the direction of swift motions
produced by stimulation in groups of impulses.

In fact, any addition of impulses to the ampullar nerve (in
groups or in single repetitive stimulations in any combination which
was effective for eliciting eye motions) always elicited an initial
deviation of the eyes in the same direction for each real canal.

So with stimulation of the ampullar nerve of the horizontal canal
of monkeys, the eyes always began to move in a horizontal plane in
the contralateral direction. This deviation often was short and
was accompanied by swift motion of the eyes in the opposite direc-
tion. A swift return motion of the eyes was observed even with
prolonged group stimuli. If stimulation was continued in monkeys,
and always in cats, a true nystagmus with a swift component to the
side opposite to the original deviation developed. With cessation
of stimulation it was usually accompanied by post-nystagmus which
lasted several seconds.

Small doses of nembutal markedly weakened the oculomotor ef-
fects of stimulation of ampullar nerves. A dose of 8 mg/kg brought
the extra-ocular potential to zero with a stimulation frequency by
paired impulses of 40/sec, but a frequency of 77 pair/sec was still
effective for the activation of extra-ocular potentials; neverthe-
less, the latency of the resulting muscular activity increased and
the amplitude decreased. Group stimulations elicited only a slow
deviation of the eyes. Nystagmus and post-nystagmus were not ob-
served, and the eyes slowly returned to the middle position during
stimulation. The nembutal effect had a central origin, insofar as
the activity in the vestibular nerve was not changed even with deep
anaesthesia: potentials of the 8th nerve registered after stimula-
tion of the ampullar nerve of a cat with a frequency of 1 and 250
Hz did not change even with a dose of 30 mg/kg.

Thus, in a sleeping or anaesthetized animal a swift phase of
nystagmus disappears, and the tonic motions corresponding to the
slow phase of nystagmus can be investigated in relative isolation.
By strictly dosing the electrical stimuli and measuring the cor-
responding directions of the muscles it is possible to indirectly
analyze the nerve mechanisms of the vestibulo-ocular reflector arc.
Moreover, insofar as eye motions elicited by stimulation of the
ampullar nerve can be compared with compensatory motions of the
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eyes arising with angular accelerations, then 1t is possible to
define and measure the functionally important parameters of the
response. Of these parameters the angular velocity of the eye,
with the motion of the target relative to the retina, is considered
to be the most important. Actually only in the case where the
angular velocity of the eyes corresponds to the speed of the target
is visual fixation of the moving object possible. The semicircular
canals by themselves do not ensure the speed of the eyes necessary
for the conclusion of ocular compensation during angular accelera-
tion (Henriksson, 1955). This is possible only when the animal
(man) sees the surroundings, i.e., when the opto-kinetic response
is superimposed on the rotational response (Henriksson, 1955). The
connection of the angular velocity of the eye elicited by rotation
without visual stimulation with the angular velocity of rotation
varies with different positions of the head and from animal to
animal. Nonetheless, in a real animal with a fixed position of the
head during rotation with a constant angular acceleration, the angular
velocity of the eyes elicited by stimulation of the sensory struc-
tures of the semicircular canals in a sufficiently broad range of
angular accelerations is strictly connected with the rotation velo-
city (Henriksson, 1955).

Thus, with investigation of eye responses of individual semi-
circular canals, the absolute value of angular velocity of the eyes
during acceleration probably is less significant in comparison with
the change of angular velocities of the eye with various amounts

of stimulation. Guided by such considerations, Suzuki and Cohen /167
(1966) investigated contractions of the eye muscles which are pri-
marily responsible for those of other eye motions elicited by stimu-
lation of the ampullar nerves of the semicircular canal (Fig. 53).
Insofar as the given muscles provide for motion of the eyes, the
amount of their contraction must precisely reflect the amplitude of
deviation and the speed of contraction, i.e., the angular velocity
of the eye. Therefore, Suzuki and Cohen in their investigations
were interested not in the absolute values of contractions and its
speed, but in the changes elicited by stimulation of the nerve with
various frequencies.

The authors showed that with electrical stimulation of the
ampullar nerves in the absence of nystagmus, the speed of contraction
of the eye muscles increases linearly for a certain period of time,
attains a maximum and then decreases; i.e., it is possible to assume
that impulses travelling along the ampullar nerves are integrated
by the central vestibulo-oculomotor system, so that as a result of
this integration there is motion of the eye with a definite speed
proportional to the number of impulses arriving in the brain stem.
Experimental results and empirical equations obtained by the authors
for the size and speed of muscular contractions testify to the fact
that the slope of the linear portion of curves of muscular contrac-
tion speeds depends upon the frequency of stimulation. Thus, the
tempo with which central excitation increases appears as a function
of the frequency, i.e., intensity of stimulation. However the tempo

154



sy

of increased central excitation depended not only on the preceding
stimulations, but also on the level of alertness, etc.

Between the value of maximum contraction speed and the fre-
quency of stimulation there is also, as the authors indicated, a
linear connection. During tonic deviations this was partically due
to the inability of the eye muscles to continue contraction with
increasing speed. However, the same connection between the maximum
contraction speed and the frequency was observed even with electric-
ally induced nystagmus (Cohen et al., 1965) so that even the level
of central excitation was limited in the usual way. Even the pre-
sence of the linear connection between the logarithm of time from
the beginning of stimulation to the moment of attaining maximum
contraction speed of the muscle and the logarithm of the frequency
of stimulation testifies to the limitation of integration. This
dependency is close to a hyperberbola, i.e., the maximum contrac-
tion speed for each frequency of stimulation is attained by a rela-
tively constant number of impulses (approximately 10,000 impulses
in the experiments of Cohen and Suzuki).

It is interesting to consider the nature of neural activity
which immediately produces muscular contraction. The authors did
not obtain direct information on the type of nerve output to the
muscles which produces either constant increase of strain or line- /168

arly growing speeds of contraction, but they did compare the curves
of contraction obtained with stimulation of the ampullar nerves
and stimulation of the motor nerves.

Such an analysis led the authors to the conclusion that with
high frequencies of stimulation, each stimulus of the ocular nerves
produces a corresponding impulse in the activating fibers of the
ocular muscles. This indicates the high synaptic reliability of
the multisynaptic vestibulo-ocular reflector arc, and moreover attests
to the fact that the output of the oculomotor nerve, at least at
the highest frequencies of stimulation, reaches a certain maximum
frequency and then remains constant during the action of the stimulus.

The investigations of Suzuki and Cohen (1966) on electrically
elicited eye motions demonstrated the close connections between
frequency of stimulation and speed of contraction of ocular muscles,
i.e., between the force of the stimulus and the output of the central
formations responsible for tonic deviations of the eyes and the
slow phase of nystagmus.

Investigations showed that the angular velocity of the eye is
probably a more important parameter demonstrating the integratedness
of the vestibulo-ocular reflector arc.

Certainly between the ampullar nerve activity, elicited by
action of an adequate stimulus (constant angular acceleration) and
electrical stimulation of the nerve there are a large number of dif-
ferences. Tnus under the action of constant angular acceleration,
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the impulse frequency of the nerve slowly grows to maximum value
(cf. Chapter II). With electrical stimulation impulses of the

same frequency, equal to the frequency of stimulation go along all
fibers of the nerve since angular acceleration elicits a spectrum
of frequencies in the excited nerve fibers and not a unique fre-
quency of activation (cf. Chapter II). Electrical stimulation adds
impulses to the nerves of only one semicircular canal and does not
decrease activity in the nerve of the contralateral canal lying in
a parallel plane which would be produced during accelerated rota-
tion. The efferent vestibular nerve activity also would not influ-
ence the impulsation frequency of the ampullar nerve with electrical

stimulation.

Despite the differences existing between ampullar nerve activity
elicited by electrical stimulation and angular acceleration, nystag-
mus induced by a gradual increase in frequency in the ampullar nerve
of cats (Cohen, et al., 1965) and of rabbits (Levashov, 1965) has
a surprising resemblance to nystagmus elicited by constant calaric
stimulation or rotation at a constant angular velocity. Attacks of
nystagmus have typically slow and fast phases, and even post-nystag-
mus is observed (Cohen, Suzuki, 1963; Cohen et al, 1965). The fre- /169
quency of electrically produced nystagmus, as of nystagmus elicited
by acceleration (Torok, 1948), at first is increased, obtaining a
certain maximal value, and the amplitude and the speed of contrac-
tion of the muscles in the slow phase which reflect the amplitude
and speed of the slow phase of nystagmus, at first increase linearly,
then asymptotically approached maximum values with constant stimu-
lation. As in natural nystagmus elicited by angular acceleration,
the speed of the slow phase linearly increases in broader ranges
with an increase in the frequency of stimulation than the amplitude
of attacks (Henriksson, 1955).

The great difference between electrically elicited natural
nystagmus, evidently, lies in the temporal passage of the excitation.
The maximum speed of contraction with stimulation of the ampullar
nerve was usually attained by the muscle under investigation after
3-5 seconds in the experiments of Suzuki and Cohen (1966), while
with slow prolonged accelerations after 15-30 seconds, i.e., 5 times
greater (Ek et al., 1960; Collins, Guedry, 1962). McCabe, (1965)
on the basis of the analysis of the extensive literary data and the
results of his own experiments on cats with electrolytic injuries
of various vestibular muclei of the reticular formation of the
brain stem, and also of investigations of the action of chemical
preparations on the fast and slow components of nystagmus, came to
the conclusion that the reticular formation is necessary for the
appearance of a fast component.

As is well-known, there are two large paths along which the
impulses from the vestibular nuclei proceed to the nuclei of the
ocular muscles: the medial longitudinal bundle and the reticular
formation (Carpenter, 1960). McCabe proposes that the reticular
path conducts a certain portion of the impulses for a realization
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of the slow components of nystagmus and all impulsation for the
realization of the swift component; the medial longitudinal bundle
conducts only impulses of the slow component. The conclusion of

the author is corroborated by the experiments of Duensing and
Schaefer (1957a, b), which described two types of neurons of the
reticular formation: neurons firmly connected with nystagmus, which
are activated during the swift phase and are inhibited during the
slow phase of nystagmus, and neurons with the opposite character-
istics. Moreover, there are neurons freely connected with nystag-
mus., Such neurons react both to acoustic and to auditory stimula-
tion, and to the general condition of the animal, whereby the neu-
rons which are activated during the time of arousal during the swift
phase of nystagmus become still more activated, and those which are
inhibited during the time of arousal become still more inhibited.
McCabe proposes that the mechanism of nystagmus depends on the
interaction between the neurons of the vestibular nuclei and the
high threshold neurons of the reticular formation. Afferent impulses

Fig. 55. The Hypothesis of the Appearance of the Swift Phase of
Nystagmus (McCabe, 1965). C - Cupula; MLB - Medial Longitudinal
Bundle; RF - Reticular Formation; AN - Activating Neuran of the
Reticular Formation; IN - Inhibiting Neuron of the Reticular Forma-
tiony VN - Vestibular Nuclei; VI - Nucleus of the Sixth Nervej; the
Dotted Line Designates the Neurons Providing the Swift Components
of Nystagmus; the Solid Lines, the Slow Compomnents.

going to the nuclei of the ocular muscles through the medial longi-
tudinal bundle lead to slow deflection of the eyes from the central
position. High threshold reticular neurons, upon attaining the
threshold, activate antagonistic muscles through contralateral oculo-
motor nuclei and simultaneously include inhibitory neurons of the
reticular formation which interrupt the flow of impulses of the slow
component (Fig. 55). The first nystagmic cycle is bormn. Reticular
neuron which has discharged returns to its original condition; then
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its threshold is reached again and the following cycle begins, etc.
This character of dynamic rhythmic inhibition of the slow phase

and the initiation of the swift phase with the aid of neurons of
the reticular formation continues up to the time when the afferent
input from the vestibular nuclei lowers to the rest level,

The author emphasizes that his own experiments do not give
direct proof of the fact that the neurons of the reticular formation
initiate the swift phase, but rather they indicate the importance
of the reticular formation in the regulation of impulsation of the

neurons of the vestibular nuclei. The worth of the hypothesis is
in the fact that it connects many available anatomical and physio- /171
logical data to this question. In particular, several results of

research in which attention was directed to the study of the role
of the labyrinth receptors in the origin not only of the slow but
also of the swift component of nystagmus began to be explainable
(Koike, 1959; Levashov, 1964, 1965, 1967).

Mechanisms of Central Compensation of the
Vestibular Function After Unilateral Labyrinthectomy

The study of compensatory reactions of an organism permits us
to discover several characteristics in the activity of the nervous
system which do not appear under ordinary conditions. It is known
that the medulla oblongata plays an important role in the coordi-
nation of many vitally important functions of the organism, there-
fore investigations into the development of reflector mechanisms
of compensation, in which primarily a given level of the nervous
system takes part, present significant interest.

A group of vestibular nuclei located in the medulla oblongata
serves as the place for completion of & number of labyrinth re-
flexes, one of which is the nystagmic motion of the eyes arising
in response to stimulation of the semicircular canals of the laby-
rinth. Evaluating spontaneous nystagmus and also post-rotatory
nystagmus in rabbits with rotation to both sides in various periods
after unilateral labyrinthectomy, it is possible to judge the dyna-
mics of compensatory processes the nervous system developed after
the operation (Grigor'ev, Galiciy, Shipov, 1968).

Experiments were conducted on 59 male rabbits of the Chinchilla

breed weighing up 3.2 kg. The experimental group of animals includ-
ed 30 rabbits who underwent complete destruction of the left laby-
rinth; the control group included 20 intact rabbits. The operation

was performed under sterile conditions using local anesthesia.
Section was conducted through the left external acoustic meatus.
The membranous labyrinth was brought under visual control through
the oval window.

For confirmation of the authenticity of the operation, histo-
logical control was observed, showing complete destruction of all
structures of the vestibular apparatus.
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In two days, when the specific symptons of the rabbits elicited
by the operational interference leveled off, they were investigated
on a VU-2 rotating apparatus (Grigor'ev, Bokov, 1961). In order to
do this they fixed the rabbit on a removable stand, located in a
room impenetrable to light and sound. The vertical axis of rota-
tion passed through the center line uniting both labyrinths. The

animals were rotated in a horizontal plane, alternately to both sides,

beginning counterclockwise from an angular acceleration of 5 °/sec
up to a given value of angular velocity. After equal rotation for
1 minute, the stand was brought to a sudden stop (stop stimulus)
for 0.15 sec. The post-nystagmus arising from this was registered
on the electroencephalograph made by "Kaiser's Laboratorium" with

a time constant of 0.6. The root-orientational potential was re-
moved with the aid of needle electrodes introduced into the skin of
the forward and rear corners of the eye.

For the amount of stop stimulus they applied the value of
angular velocity of equal rotation (van Egmond et al, 1949). The
threshold of nystagmus was defined by the subsequent stimuli begin-
ning at 5 °/sec. Then they studied the reactions of the animals
to a number of stimuli increasing in value: 30, 60, 120, 180 °/sec.
The time interval between stimuli was 1.5 - 2.0 min. Parameters of
rotation were assigned with the aid of an electron-direction panel.

The animals were tested on the third, fifth, eighth and tenth
day after the operation, and then each week up to the appearance
of stabilization in reflector response of the vestibular analyzer
with rotation to both sides. Moreover, from the time of the oper-
ation the recording of spontaneous nystagmus was performed daily.

Investigation of the rabbits in the control group was con-
ducted according to the same system.

Nystagmic reactions were evaluated according to the threshold
sensitivity, duration, and quantity of attacks. The obtained mater-
ial was interpreted statistically by the student method.

Immediately after destruction of the left labyrinth in the
rabbit, spontaneous nystagmus appeared directed to the intact side,
which was easily discerned with the naked eye. In addition, the
registered nystagmogram was presented as a sawtooth curve with
sharply pronounced fast and slow phases.

In time the frequency and amplitude of spontaneous nystagmus
decreased, and toward the end of the first week after the operation
spontaneous nystagmus was not visually discovered in the majority
of cases, although on the nystagmogram infrequent attacks were noted
with the fast phase almost absent. During the eighth to tenth day,
the curve of the recording of the rabbit's eye motion presented a
straight line which indicated the absence of spontaneous nystagmus
under our conditions (Fig. 56).
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On the first day after the operation with rotation toward the
side of the intact labyrinth, post-rotatory nystagmus did not arise,
but the frequency of amplitude of spontaneous nystagmus decreased.
With large stop stimuli (120 and 180 °/sec) even temporary disappear
ance of spontaneous nystagmus was observed (Fig. 57b). Rotation
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Fig. 56. Character of Spontaneous Nystagmus in Various Periods

After Unilateral Labyrinthectomy. (a) Before the Operation; (b,c,d,
e,f,g,h,1) Every Two Hours of Day #1, 2, 3, 4, 5, 6, 7, and 8 After
the Operation. Calibration: 200 pV Scale of Time: 1 sec. (Grigor'ev
Galichiy, Shipov, 1968).

towards the side of the destroyed labyrinth elicited post-nystagmus,
corresponding in direction with spontaneous nystagmus. In addition
frequency noticeably increased which appeared to be the criterion
for a definition of post-rotatory nystagmus (Fig. 57b).

The duration of reaction was measured by the time interval
during which the frequency of nystagmus in response to stop stimulus
returned to the frequency of spontaneous nystagmus. For this inter-
val of time the number of attacks was calculated. Definition of
the duration of the post-rotatory nystagmus began 1 week after des-
truction of the labyrinth when the frequency of spontaneous nystag-
mus was substantially lower than the frequency of post-rotatory
nystagmus. For the definition of the threshold of post-nystagmus,
the stop stimulus was made immediately after registration of the
next surge of spontaneous nystagmus. The supplementary attack fol-
lowing it directly was considered to be a post-rotatory reaction,
and the value of stop stimulus to be threshold. Moreover the con-
figuration of the nystagmic attack elicited by the stop stimulus
often differed from that of spontaneous nystagmus.

Investigation on the 3rd day after the operation showed that
with rotation to the left, the threshold value of stimulus was equal
to 9.2 * 0.9 °/sec, and with rotation to the right, 35 * 7.3 °/sec.
The difference between these reactions was statistically reliable
(p < 0.05). The number of attacks of post-rotatory to the left and
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right, respectively, was 10.0 * 4.0 and 3.1 £ 1.5 (p < 0.05).
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Fig. 57. Post-Rotatory Nystagmus in Unilaterally Delabyrinthized
Rabbits in Various Periods After the Operation. (a) Before the
Operation; (b,c,d,e) Every Two Hours on Day #3,5,8 After the Oper-
ation; (a,b,c,d,e) Left Rotation; (a’, b’', c¢’, d', e’') Right Rota-
tion. Calibration: 300 uV. Scale of Time 1 sec (Grigorius, Galechi,
Shepov, 1968)
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Fig. 58. Difference Between Nystagmic Reactions of Unilaterally
Delabyrinthized Rabbits with Rotation to Both Sides in Different
Periods After the Operation. Along the Ordinate Axis (I,1) - Dif-
ference of Threshold Values of Acceleration with Rotation Clockwise
and Counter-Clockwise, Referred to the value of the Threshold Before
the Operation; (II,2) - Difference Between the Number of Attacks of
Post-Nystagmus Reaction with Rotation to Both Sides (Stop Stimulus
60 °/sec) (Grigor'ev, Galichiy, Shipov, 1968).
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On the 5th and 8th day after the operation, the differences
between nystagmus reactions of left and right rotation in threshold
sensitivity values and the number of attacks per stop stimulus at
60 °/sec (Fig. 58) were statistically reliable (p < 0.05); stimulus
at 120 °/sec were reliable only on the 8th day after the operation.

In further post-rotatory reaction, characterized by the number
of nystagmus attacks, reliable differences were shown with stop
stimulus of 60 ©/sec during the fourth week of the investigation;
with stop stimulus of 120 °/sec for the U4th, 6th, 15th and 20th
week; and with stop-stimulus of 180 °/sec for the 6th, 13th and
17th weeks.

Differences in duration of the post-rotatory nystagmus with
rotation to both sides for stop-stimulus of 60 °/sec were unreli-
able during the entire period of investigations beginning with the
third week (p < 0.05), for stop stimulus 120 °/sec reliable for the
6th and 8th week, for stop stimulus 180 °/sec reliable for the 13th
week (p < 0.05).

Four, five and six months after the unilateral labyrinthectomy
operation, stable equilibrium was formed in the rabbits in reactions
of post-nystagmus with rotation to both sides, both in threshold
sensitivity and in duration and number of attacks. Moreover, post-

sec
a I, 0 /176
20F 40t
Isec Bk %k
azy Bl 92
B S
24+ ,—ﬁﬂ 2t 4
20+ 10y 20+
s [ g+ 1
b | A
T
8 ! 4+ 8
6k 2t 4f
- .‘i i, — . t IR T B R S G | Y
— et w 1 % sec
Fig. 59. Comparative Characteristics of Post-Nystagmic Reactions
g p g

in Intact and Unilaterally Delabyrinthized Rabbits After Compensation.
(a) Threshold Reactions (the Black Column-the Rabbits Which Under-
went Operation); (b) Duration (Scale I, the Dotted Curves) and Num-
ber of Strokes (Scale II, Solid Curves) Before (1) and 4, 5, 6 Months
After the Operation (2) (Grigor'ev, Golichiy, Shipov, 1968).

rotatory reactions of unilaterally delabyrinthized rabbits decreased

in comparison with reactions of intact rabbits by 2-3 times, (Fig.
59, a and b).
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In animals of the control group, throughout the investigation
no changes were observed in the equality of post-rotatory reactions
of both sides.

As was shown in Chapter II, in the vestibular nerve at rest
there exists an activity increasing with ampullopetal and decreasing
with ampullofugal currents of the endolymph in the horizontal semi-
circular canal. In addition the dependency of the impulsation fre-
quency in the nerve trunk on the value of stop stimulus is charac-
terized the same as in a single fiber of the vestibular nerve, by
an S-shaped curve (cf. Fib. 24, Chapter II). Since between the
functioning of Type I neurons of the vestibular nuclei and in single
nerve fibers there is a principal resemblance (¢f. Chapter III), we
considered it possible to present the combined activity of the neu-
rons of the vestibular nuclei by means of S-shaped curves (Fig. 60).

In the rest condition the vestibular nuclei of both sides has
equal activity (Fwald, 1892; Bechterev, 19093 Eckel, 195u4). With
destructin of the balance between these, two nystagmatic eye move-
ments arise, the duration of which is defined by the time of the
existence of difference in the activity of the nuclei (Lowenstein,
1937). The duration of post-rotatory nystagmus, thus, will be /177
defined by the time of the return of the cupula to a state of rest,
and the dependency of the duration of nystagmus upon the amount of
stop stimulus must be represented by a logarithmic function (Chapter
II, Formula (9)).

After the destruction of one labyrinth, the amount of active
neurons of the ipsilateral nucleus is substantially lowered in the
time when the activity of the contralateral nucleus remains almost
constant (Gernandt, Thulin, 1952; Shimazu, Precht, 1966; Precht
et al., 1966). This destruction of balance between the wvestibular
nuclei leads to the appearance of a number of symptoms (deviation
of the eyes, inclination and rotation of the head in relation to
the trunk, differences in the tone of extremities, etc.,), includ-
ing spontaneous nystagmus (Magnus, 1962).

Immediately after unilateral labyrinthectomy, spontaneous
nystagmus arises which is directed towards the healthy (right)
labyrinth. In addition, the difference of activities of the nuclel
which arises is equal to 4 arbitrary units (Fig. 60). Insofar as it
is assumed that during this time activity in the left nucleus is
absent, the summary characteristic curve of the nuclei is defined
by Curve I (Fig. 60). Then a stop stimulus of sufficient size (-5
arbitrary units) with rotation toward the side of the intact right
labyrinth can only remove the activity of the right nucleus. In
this case spontaneous nystagmus must disappear. Actually this fact
is discovered with the investigation of rabbits on the first day
after the operation (Fig. 57b), and this was also observed with
rotation of pigeons (Schiebeek, 1953), of cats (Precht et al, 1966)
and in pigeons with calarization of an intact ear by cold water
(Fluur, 1960). However, eliciting post-rotatory nystagmus in a
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direction opposite that of spontaneous nystagmus has not success-
fully been done at this time. After cessation of rotation, toward
the side of the damaged labyrinth the
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- increases (right branch of Curve I, /178
Fig. 60) which leads to an increase in the frequency of spontaneous
nystagmus (Fig. 57b). Analogous observations were made by Precht

and coll. (1966) on cats.

Toward the end of the first week the intensity of spontaneous
nystagmus decreases so much that it can no longer be observed visu-
ally and can only be registered on a nystagmogram in the form of
infrequent attacks. This is due to the restoration of activity of
the vestibular nucleus of the destroyed left labyrinth (Spiegel,
Demetriades, 1925), the reactivation of which is accomplished as a
result of the action of the nucleus of the intact side upon it, of
the reticular formation closely connected with both nuclei and also
of other systems of the nervous systems (Fluur, 1960, Precht et al.,
1966).

Evidently up to this time, in the nucleus on the side of the
destroyed labyrinth, there is composite activity which, to a defi-
nite degree, must level the activity of the right nucleus (we sup-
posed that it corresponds to the Level 2 in Fig. 60). Then if the
value of this activity is equal to or greater than a certain value
(8) of the difference of activities of both nuclei, necessary for
the appearance of nystagmus, then a stop stimulus to the right of
sufficient size (-2 arbitrary units, Fig. 60) can elicit nystagmus
to the side of the absent labyrinth. Indeed, on the 3rd, 5th, and
8th day after the operation it was possible to elicit post-nystagmus
in the side of the destroyed labyrinth (Fig. 57 c,d). However it
significantly differs in size from nystagmus in the opposite direc-
tion, which testifies to the absence of complete balance between
the vestibular nuclel of both sides. This is also confirmed by the
fact that on the 8th and 10th days after the operation, with an
insignificant functional load (stop stimulus of small size), and
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sometimes simply with the exclusion of light, spontaneous nystagmus
appears which may be observed under the usual conditions (Fig. 61).

Two weeks after the operation, similar phenomena were noted in
patients when they closed their eyes (Fluur, 1960).

In time the level of activity of the ipsilateral nucleus
increases all the more corresponding to the level of activity of
the contralateral nucleus {(Level b, Fig. 60); in the activity of
both nuclei equilibrium begins. Thus threshold reactions of nystag-
mus prove to be balanced during many weeks of the investigation
beginning with the 10th post-operative day as well as post-rotatory
nystagmus characterized by duration and quantity of attacks in
response to stop stimulus of 60 °/sec. However, application of a

Fig. 61. Temporary Decompensation in a Unilaterally Delabyrinthized
Rabbit (Galichiy, 1968). (1) Nystagmogram of a Rabbit on 3rd Day
After Operation with Light Included; (2) Immediately After Exclusion
of Light; (3) On the 56th Second After Exclusion; (4) Immediately
After Inclusion of Light (Arrow Upwards); (5) On the 29th Second
After Inclusion; (6) the 68th Second after Inclusion. Calibration
200 uV, Time Scale: 1 sec.

significant functional load (stop stimulus 120 and 180 °/sec) can
elicit disturbances of balanced activity of the nuclei of both sides.

After 20 post-operative weeks, differences between nystagmic
reactions of the left and right rotations could not be registered
with an applied stimuli. Consequently 4,5, or 6 months after uni-
lateral destruction of the labyrinth in rabbits, stable equilibrium
is formed between nystagmic reactions with rotation to both sides.
The stability of the mechanisms formed for compensation is so
significant that general gamma radiation with an 800 R dose (power
of the dose: 180 - 200 R/min) does not change the established
equilibrium of nystagmatic reactions (Galichiy, Shipov, Tabakova,
1966; Galichiy, 1966a). Only the action of a dose of 1600 R (Galichiy
1966b) in some unilaterally delabyrinthized rabbits elicited the
appearance of spontaneous nystagmus (Fig. 62), and in the majority
of animals distinct destruction of equilibrium in post-nystagmus
reaction (Fig. 63), whereby the character of the destruction of
balance is similar to that observed immediately after unilateral
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destruction of the labyrinth.

Fig. 62. Decompensation in a Unilaterally Delabyrinthized Rabbit
After Radiation with a Dose of 1600 R (Galechi, 1968). (1) Nystag-
mogram of the Rabbit on the Third Day After the Operation (Before
Radiation); (2) Every 4-5 Hours After Radiation; (3) On the 3rd Day
After Radiation.
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Fig. 63. Destruction of Equilibrium of Post-Nystagmatic Reactions

in Unilaterally Delabyrinthized Rabbits, Irradiated 6 Months after
the Operation. (1) Number of Post Nystagmus Attacks (Stop Stimulus
60 °/sec) in Intact Rabbits; (2) On the 3rd Day After Operation;
(3) 6 Months After the Operation; (4) Every 4-5 Hours After Irradi-
ation with a Dose of 1600 R. The Black Column: Left Rotations; the
White: Right Rotation. (Galichiy, 1968).

The threshold sensitivity of unilaterally delabyrinthized
rabbits lowers 2 1/2 times in comparison with the original level;
the duration of nystagmus by 2.0 - 2.5 times, the amount of attacks
by 2.0 - 3.0 times (Fig. 59).

The mathematical analysis of the dependency of the duration
and number of post-nystagmus attacks upon the amount of stop stimulus
for intact rabbits, conducted by B.B. Bokov and A.A. Shepov (1965),
indicated that not one of the dependencies in the band of stimuli
from 10 - 180 °/sec appears as a linear or logarithmic function.
However a portion of the curves of the continuation of nystagmus in
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a subrange of stimuli from 10 - 60 °/sec is best approximated by
logarithmic functions. The curve of the number of nystagmus attacks
in the same subrange can be approximated both by linear and by log-
arithmic functions. In the subrange of stimuli from 70-180 °/sec

a linear approximation of both curves is possible. Precht and coll.
(1966) showed that in unilaterally labyrinthized cats, the curve

of prolongation of nystagmus in the compensation stage is also
approximated by a logarithmic function (in the range from 50-200 ©/
sec).

If we assume that the threshold value of the difference between
activities of vestibular nuclei (8) in unilaterally delabyrinthized
rabbits remains constant after completion of the compensatory pro-
cess (Level b, Fig. 60), then the amount of stop stimulus eliciting
the first nystagmic motion of the eyes will correspond tc point A
on Curve 1 (0.8 arbitrary units). This value is 2 times greater than
the threshold stimulus defined according to Curve 3 in intact animals,
i.e., it approximately equals with the results of the experiments.

/181

It is possible to assume that a change in threshold sensitivity,
duration and number of nystagmus attacks in response to stop stimulus
in unilaterally delabyrinthized rabbits takes place mainly as a con-
sequence of a two-fold decrease in the difference of the activities
of the nuclei. This is confirmed by the investigations with uni-
lateral binding of the horizontal semicircular canal,” which demon-
strated the decrease and duration of post-rotatory nystagmus after
the operation by 2 times (Money, Scott, 1962).

Figure 60 permits us to evaluate qualitatively the activity of
the vestibular analyzer under normal conditions and during different
periods after unilateral labyrinthectomy.

Characterizing post-nystagmus according to its duration, the
destruction of equilibrium could be observed on the 6th, 8th and
13th week after the operation only with stimuli of great size.
Using the number of post nystagmus attacks as a test, differences
in the reactions of left and right rotations could be shown with
the smallest functiconal loads even during the 20th week after the
operation. Probably this indicates the fact that the method of
evaluation of post-rotatory nystagmus according to the number of
attacks characterizes the dynamics of the onset of compensatory
mechanisms of the nervous system of unilaterally delabyrinthized
rabbits more precisely than evaluation according to duration, and
also that the mechanisms responsible for duration and frequency
of nystagmus are relatively independent.

Using characteristics of post-nystagmus such as threshold

7 A similar method of exclusion of one horizontal semicircular
canal gives the possibility of leaving spontaneous activity of the
nuclei of both sides unchanged.
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sensitivity and number of attacks, it is possible to evaluate the
condition of the mechanisms of compensation of the nervous system

of the first days and weeks after unilateral destruction of a laby-
rinth. In the later periods it 1s necessary to apply a functional

load, since under the usual conditions the degree of stability of

the egquilibrium produced cannot be analyzed. Thus, in order to more
fully evaluate the functional condition of the vestibular analyzer /182
in unilaterally delabyrinthized animals, it is necessary to con-

sider the combination of characteristic of post-rotatory nystagmus.

The participation of the higher sections of the central nervous
zystem in the formation of compensatory processes with labyrinthal
destructions was demonstrated in the whole series of investigations
(Asratyan, 1947, 1960; Ayrapet'yants and Kislyakov, 1957; Kislyakov
1959 et al.). However, evaluating the role of definite levels of
the nervous system in the formation of compensatory adaptations,
it is important to corsider the place occupied by the investigated
objects in a phylogenetic series.

The more highly developed the central system, the greater is
the participation of higher sections in adaptive reactions (Asratyan
1958). Experiments on rabbits and cats, using the method of exclud-
ing various sections of the nervous system (total removal of the
cerebellum, vestibular nuclei of each side, pro and diencephalon,
sections above the roof of the lamina quadrigemina) succeeded in

showing that compensation of destroyed functions after unilateral
labyrinthectomy appears only in the case when ipsilateral vestibular
nuclei remain intact (Spiegel, Demetriades, 1925; Spiegel, Sato,
1927). Under these conditions, compensation began each time that
the central nervous system of the overlying sections was not des-
troyed. This fact does not exclude participation in the development
of compensatory adaptations of the higher sections of the nervous
system. On the contrary, it is assumed that the restoration of
activity of the nuclei on the side of the operation takes place as

a result of Iinfluences from the cortex of the cerebral hemispheres,
of subcortical nuclei, and the roof of the lamina quadrigemina, of
the cerebellum, and of the contralateral vestibular nuclei (Spiegel,
Demetriades, 1925), and also of the reticular formation of the brain
stem (Fluur, 1961). Consequently the complex of vestibular nuclel
introduced a very significant component into compensation for laby-
rinth destruction in animals of the given type.

The results of our investigations showed that in unilateral
delabyrinthized rabbits after 4, 5 or 6 months, a balance in the
activity of the vestibular analyzer begins. This allows us to assume
that the medulla oblongata of rabbits possess as great compensatory
capabilities. In addition, the stability of the mechanisms of com-
pensation which were formed is so significant that none of the applied
stimuli could again elicit functional destruction in the activity
of the vestibular nuclel which existed immediately after the oper-
ation.




In the preceding chapter, several synaptic connections of the
central vestibular neurons with the ipsilateral and contralateral
horizontal semicircular canals which have been established to date
were discussed. It was assumed that the vestibular Type II neurons /183
are inhibitory neurons conducting influences from the contralateral
horizontal canal and acting on the chief sensory neuron (Type I)
in the homolateral vestibular nuclei (Shimazu, Precht, 1966).

What functional changes take place in Type I and II neurons
in the compensation stage after unilateral labyrinthectomy?

With the aim of clarifying this question, Precht, Shimazu and
Markham (1966) experimented on labyrinthectomized cats with stimu-
lation of the remaining labyrinth.

In 3-4 days and after 30-45 days after labyrinthectomy, motions
of the eye were registered at rest, during acceleration, constant
rotation velocity, and after a sudden stop. Speclal attention was
given to the duration of the post-rotatory nystagmus with rotation
to both sides.

After the vestibulo-ocular function was sufficiently compen-
sated (usually after 30-45 days, which was judged by the equality
of duration of nystagmus with rotation to both sides), fine experi-
ments on decerebrated, decerebellized and nonanaesthesized prepara-
tions were completed.

The potentials elicited by electrical stimulation of the intact
vestibular nerve in the ipsilateral and contralateral nerve were
similar with those described in detail in Chapter III. Despite
the careful study, the authors did not discover an essential dif-
ference in configuration, latent period, amplitude, or localization
of elicited summary potentials in chronically, unilaterally delaby-
rinthized animals and animals with both labyrinths intact.

In acute experiments it was difficult to discover Type I neu-
rons in the vestibular nuclei on the side of the destroyed labyrinth
(Gernandt, Thulin, 1952; Shimazu, Precht, 1966). But 35-40 days
after the operation, Type I neurons were easily registered both on
the side of labyrinth injury as well as on the intact side (Precht,
Shimazu, Markham, 1966). Responses of Type I neurons to rotational
stimulation in animals with a chronically destroyed labyrinth, on
the side of the injury, had characteristics similar to those obtained
from animals with both labyrinths intact (Shimazu, Precht, 1966).
However the maximum discharge frequencies of Type I neurons on the
deafferentized side during ipsilateral horizontal angular rotation
were around 25 Hz, i.e., much less than the discharge frequency
(80 Hz or more) registered in animals with intact labyrinths. Insofar
as with the given experimental conditions there are no influences
of the ipsilateral labyrinth observed, changes in discharge frequency
must be due to an increase or decrease of inhibitory influences
from the contralateral horizontal canal during rotation (Shimazu,
Precht, 1966).
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The thresholds of frequency responses to horizontal angular /184

accelerations of Type I neurons registering on the chronically
delabyrinthized side usually fluctuated from 2 to 8 °/sec? and
with an insignificant number of wunits, i.e., to 8 °/sec? and more.
These values are essentially higher than the thresholds of tonic
neurons in animals with intact labyrinths, (0.23 - 1 °/sec?) and
are very close to the thresholds of Type II neurons (cf. Chapter
III).

The frequency of spontaneous discharge of Type I neurons on
the delabyrinthized side was usually less than 10 Hz. High dis-
charge frequencies (30 Hz and more), registered on the intact side,
usually were not observed on the side of the injury under rest
conditions.

Many Type I neurons on the side which was operated upon did
not have spontaneous discharges, and their thresholds of frequency
response were higher than the thresholds of toniec neurons in intact
vestibular nuclei, which are similar to the characteristics of
kinetic neurons. However the swift change in impulsation frequency
characteristic of kinetic neurons with the action of acceleration
and abrupt increase in maximal value of frequency with increase in
the amount of acceleration was not observed. All this attests to
the fact that Type I neurons without spontaneous discharges, dis-
covered on the delabyrinthized side, were tonic in nature, but lost
their activity due to the removal of the exciting influences from
the ipsilateral labyrinth receptors. The authors could not identify
kinetic neurons, probably due to the fact that their high thresholds
to angular acceleration were still more elevated with destruction
of the ipsilateral labyrinth.

Spontaneous activity of all Type I neurons registered on the
side of the injury were clearly suppressed by electrical stimulation
of the intact contralateral vestibular nerve.

It is improbable that the observed effect 1s due to presynaptic
inhibition by means of depolarization of primary vestibular afferents,
insofar as the histological control indicated complete degeneration
of the vestibular nerve on the side of registration. Threshold
stimuli of the vestibular nerve eliciting contralateral inhibition
were 1 - 1.6 times higher than the threshold of the potential M;

(on the average 1.35 * 0.26). These values are significantly (p <
0.001) lower than those obtained from vestibular neurons in animals
with both intact labyrinths: the range is 1.25 - 2.8 (on an average
1.99 £ 0.53).

After section of the brain stem along the central line from
the inferior corpus bigeminum to the obex at a